Product-Process Coupling to Enable Continuous Improvement of Assembly Processes by Renu, Rahul Sharan
Clemson University
TigerPrints
All Dissertations Dissertations
5-2016
Product-Process Coupling to Enable Continuous
Improvement of Assembly Processes
Rahul Sharan Renu
Clemson University, rrenu@clemson.edu
Follow this and additional works at: https://tigerprints.clemson.edu/all_dissertations
This Dissertation is brought to you for free and open access by the Dissertations at TigerPrints. It has been accepted for inclusion in All Dissertations by
an authorized administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.
Recommended Citation
Renu, Rahul Sharan, "Product-Process Coupling to Enable Continuous Improvement of Assembly Processes" (2016). All Dissertations.
1665.
https://tigerprints.clemson.edu/all_dissertations/1665
PRODUCT-PROCESS COUPLING TO ENABLE CONTINUOUS IMPROVEMENT 
OF ASSEMBLY PROCESSES 
A Dissertation 
Presented to 
the Graduate School of 
Clemson University  
In Partial Fulfillment 
of the Requirements for the Degree 
Doctor of Philosophy 
Mechanical Engineering 
by 
Rahul Sharan Renu 
May 2016 
Accepted by: 
Dr. Gregory M. Mocko, Committee Chair 
Dr. Georges Fadel, Committee Member 
Dr. Laine Mears, Committee Member 
Dr. Michael Porter, Committee Member 
ii 
 
ABSTRACT 
The objective of this research is to couple product and process design knowledge 
to enable continuous improvement of assembly processes. Specifically, the use of 
assembly solid model similarity to mine databases and retrieve assembly process 
information is investigated. Nine techniques of computing solid model similarity from 
literature are investigated for their correlation with human interpretation of assembly 
model similarity. A method of computing solid model similarity by using frequency 
distributions of tessellation areas is developed and investigated. For each of the nine solid 
model similarity methods, the results from use of component solid model similarity in 
conjunction with assembly model similarity are compared to the results when only 
assembly model similarity is used. A survey is conducted to gather human interpretation 
of assembly solid models from the perspective of assembly process similarity. From the 
tests conducted it is found that the method of using tessellation area distributions has 
weak correlation to human interpretation of assembly solid model similarity from the 
perspective of assembly processes. The D1 method, which uses distance between 
centroid and random points on the surface of solid models, was found to have highest 
correlation to survey results. The use of component model similarity in conjunction with 
similarity of the assembly model was found to improve the precision of the solid model 
similarity methods. 
Text similarity techniques from literature are investigated for their correlation 
with human interpretation of assembly work instruction similarity. Through testing,  
Latent Semantic Analysis is chosen as the method of computing assembly work 
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instruction similarity since it has moderately positive correlation with respect to survey 
results and is less sensitive to the use of synonyms than the three other methods of text 
similarity investigated in this research. The Jaccard method of computing similarity is 
inherently a measure of consistency in the terminology used between the two texts being 
compared and this can be used to provide decision support while engineers author 
assembly work instructions. This will allow authors to understand the level of 
consistency between their work instructions and the other work instructions within the 
specific enterprise. 
The D1 method of computing solid model similarity and Latent Semantic 
Analysis to compute assembly work instruction similarity are used to compare assembly 
solid models and assembly work instructions obtained from a survey. In this survey, 
participants were presented with assembly solid models and asked to author assembly 
work instructions. The correlation between the solid model similarity scores and 
assembly work instruction similarity scores (within and across participants) indicates that 
regardless of assembly work instruction authors, assembly solid models and assembly 
work instruction share a moderately positive correlation. These results, coupled with the 
understanding that the causation between assembly work instructions and solid models is 
limited to those work instructions which describe handling of components and mating of 
components, can be used for process design knowledge retrieval and reuse. The results 
from this research can be used to mine databases by using solid model similarity and 
retrieve assembly work instructions. This will couple product design and assembly 
process design and allow for continuous improvement of the latter.   
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CHAPTER 1: INTRODUCTION AND MOTIVATION 
Chapter Objectives: 
 Discuss decentralized, globalized design and manufacturing systems
 Discuss the use of solid model similarity and computational text analysis
for product-process coupling
 Present and discuss the research questions
 Provide an outline of the dissertation
The objective of this research is to bridge the gap between product design and 
assembly process design by relating part geometries to assembly work instructions. This 
research is for enterprises which practice decentralized manufacturing. The concepts of 
decentralized manufacturing, globalized manufacturing and the need for knowledge 
management in such systems are discussed in the remainder of this chapter. In addition, 
the need to couple product and process design is also discussed. The chapter ends with 
research questions and organization of this dissertation. 
1.1 Decentralized and Globalized Manufacturing Systems 
 Traditionally, enterprises performed design, planning and manufacturing 
operations at a single location. Such a system is referred to as a localized manufacturing 
system. Over the past three decades [1], decentralized manufacturing has gained 
popularity. In a decentralized manufacturing system, design of products and high-level 
production planning is performed at a (single) location, while detailed production 
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planning and conversion of raw materials to finished goods takes place at geographically 
dispersed locations [1,2].  
Decentralized manufacturing goes hand-in-hand with globalization. Globalization 
can be viewed from the perspective of markets and manufacturing [3]. When 
international trade barriers are removed, it allows for the globalization of markets and 
encourages localized manufacturing. In other words, if production of goods at a certain 
geographic location is inexpensive and exporting those goods to international locations is 
also inexpensive, this will harbor localized manufacturing and globalized trade. However, 
when trade barriers (such as taxes) are imposed, enterprises look to globalize their 
production. Enterprises who were previously exporting goods to international locations 
are now incentivized (by, for example, tax reductions) to manufacture locally and source 
parts from suppliers who also manufacture locally. We refer to this as globalization of 
manufacturing. 
The motivation for enterprises to globalize manufacturing efforts has evolved 
since 1980. A description of this evolution is provided by Sturgeon and Florida [3]. Prior 
to mass production (1926), goods were expensive and manufactured by expert craftsmen. 
These manufacturing efforts had to be in close proximity with customers to ensure 
requirements were met. However, mass production eliminated this barrier and allowed 
for goods to be manufactured and sold at low costs. The demand for mass produced 
goods increased and enterprises realized the need to further reduce costs incurred. This 
served as added motivation to move manufacturing efforts closer to customers [3]. Trade 
laws imposed barriers on international import and export of finished goods fostering the 
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need for globalized manufacturing. While Sturgeon and Florida [3] have provided an 
extensive review of the evolution of the motivation for globalized manufacturing, they 
have overlooked the aspect of lead time. Globalized manufacturing and proximity to 
customers allows enterprises to reduce production lead times. This is especially important 
when viewed from the perspective of mass customization [4–6]. 
With globalized and decentralized manufacturing comes the challenge of 
knowledge distribution and feedback. The need to focus on knowledge management in 
systems where knowledge generation sites are not co-located has been established by 
previous researchers [7–11]. 
1.2 Need for Knowledge Management in Globalized, Decentralized Design and 
Manufacturing Systems 
In a global and decentralized design and manufacturing enterprise, corporate 
decisions, design decisions and preliminary production planning is conducted at a 
centralized location. The information generated at the central location is distributed to 
manufacturing facilities worldwide. At these facilities (apart from other activities) 
suppliers are identified, production plans are optimized to be location-specific and 
finished goods are produced. Knowledge generated at these manufacturing facilities must 
be communicated back to centralized planning location to evaluate its applicability 
enterprise-wide and to identify good or bad practices. This will lead to standardization of 
practices across manufacturing locations and foster continuous improvement [12,13]. It is 
equally important for the manufacturing locations to communicate with each other. If 
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challenges faced at a facility are not unique, then solutions to these challenges from other 
facilities can be mined and implemented at that facility.  
Product Lifecycle Management (PLM) systems aim to address the need for 
knowledge management through the entirety of a product’s lifecycle – from conception to 
end-of-life [7,14]. However, the use of previous product development knowledge during 
new product development is a challenge. Additionally, the concurrent/integrated design 
of product and manufacturing processes is challenging. Concurrent Engineering (CE) has 
emerged at the forefront of integrated product and process design [8,15]. This research 
aims to support CE by relating solid model geometry (product design) to assembly 
process design. In doing so, information from PLM systems will be used. 
1.3 A Method to Link Product Design and Assembly Process Design 
Three dimensional solid models are an embodiment of the decisions made during 
the (iterative) product design process [16]. This research aims to relate solid models of 
components to their assembly processes. Assembly work instructions prescribe the 
assembly process of two or more components (see Figure 1 for example solid model and 
the associated assembly work instructions). Ergonomic evaluations of assembly 
processes, assembly time estimates and assembly line balancing are all performed based 
on assembly work instructions [9,17–20].  
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Figure 1: Example solid models and associated assembly work instructions 
Relating solid models to assembly work instructions will allow for enterprises to 
consider assembly process constraints during product design. This will enable forecasting 
of assembly process issues which are inherent a product’s design reducing the time and 
effort for iterations between product designs. 
Reuse of assembly work instructions is sometimes practiced in industry in an 
unstructured and informal manner. When process designers are tasked with designing of 
an assembly process for a new product, they refer to assembly work instructions of 
“similar” products from the past. This research aims to formalize this process of mining 
databases to find  
“similar” products and retrieve associated assembly work instructions. The extensibility 
of existing techniques to assess solid model similarity from the perspective of assembly 
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work instructions has not been investigated. Also, these existing techniques use a score to 
evaluate similarity between solid models. Differences between similar solid models will 
need to be identified and visualized for engineers while they choose a solid model-
assembly work instruction pair as a template for new assembly process design. The 
challenge lies in developing a technique which will identify differences in solid models in 
a software neutral format because decentralized manufacturing systems may employ two 
or more software to perform solid modeling. Computational text analysis methods can be 
employed to assess assembly work instructions for their compliance with other assembly 
work instructions within the enterprise. This approach has not been investigated from the 
perspective of continuous improvement. With regards to this, the following are the 
questions and hypotheses which govern this research: 
Overarching Research Question: How can solid models and assembly process 
knowledge be coupled to enable knowledge reuse? 
Hypothesis: Assembly solid model similarity can be used to retrieve similar 
solid models and their associated assembly work instructions.  
 
Research Question 1: What solid model information can be used to compute 
solid model similarity from the perspective of assembly processes? 
Research Hypothesis 1: Tessellation area frequency distributions of two solid 
models can be compared to assess solid model similarity from the perspective of 
their assembly processes. 
 
7 
 
Research Question 2: How can differences in solid models be identified? 
Research Hypothesis 2: Individual tessellation surface areas can be computed 
and tessellations with unique surface area can be used to identify differences in 
solid models. 
 
Research Question 3: What decision support can be provided to foster 
continuous improvement of assembly process design? 
Research Hypothesis 3: Consistency of terminology used within an assembly 
work instruction with respect other work instructions, can be used as a metric to 
provide decision support. This will allow users to improve consistency of 
assembly process descriptions which will foster continuous improvement. 
 
Research Question 4: What is the correlation between assembly work 
instructions and the related assembly solid model geometry? 
Research Hypothesis 4: There exists a direct correlation and causation between 
assembly solid models and their assembly work instructions. This correlation 
and causation is limited to assembly work instructions which are not related to 
plant layouts. 
Research Question 4.1: What methods of text similarity measurement 
provide the most accurate results while comparing assembly work 
instructions? 
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Research Question 4.2: How do text similarity measurement methods 
vary in terms of their sensitivity to synonymy of words used in assembly 
work instructions? 
These research questions and hypotheses form the basis for this research. A 
research overview is presented in Figure 2. In Chapter Two, a review of relevant 
literature is presented. This includes product development process, methods of computing 
solid model similarity and computational text analysis methods. Gaps identified in 
literature are also presented in this chapter. Solid model similarity approaches evaluated 
in this research are presented in Chapter Three along with results. In Chapter Four an 
assembly solid model similarity benchmark is presented. This benchmark is intended for 
researchers who are developing computational methods of analyzing assembly solid 
models for similarity. In Chapter Five the investigation of computational text analysis 
methods as they relate to assembly work instructions is presented. The use of 
recommended use solid model similarity and computational text analysis to predict 
assembly work instructions based on query solid model is presented in Chapter Six. 
Closing remarks and future paths are presented in Chapter Seven. 
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Figure 2: Research Overview 
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CHAPTER 2: FRAME OF REFERENCE 
Chapter Objectives: 
 Discuss the Product Evolution Process 
 Outline information available at different phases of product development 
 Highlight the need for integrating product and process development 
 Summarize and evaluate previous approaches of solid model similarity 
 Summarize and evaluate existing approaches of computational text 
analysis 
 Enumerate gaps found and establish research motivation 
 
The automotive industry employs decentralized, globalized manufacturing 
system. Enterprises such as BMW and Volkswagen have a centralized planning and 
development center in Germany and several manufacturing facilities all over the world. 
Corporate control, product conceptualization and skeletal production planning occurs in 
the centralized location (Germany, in this case). The plans are deployed to manufacturing 
facilities worldwide. At these facilities, the production plans are optimized to suit 
location-specific constraints. Two cases where manufacturing locations will make 
changes are: 
 Centralized planning location may define the assembly process of two 
components (via assembly work instructions). The handling of these 
11 
 
components from line side to the assembly station will have to be defined 
by the engineers at the specific manufacturing location.  
 Precedence constraints [20,21] and time constraints for the assembly line 
balancing problem will be supplied from the centralized planning location. 
Each individual manufacturing location will have to assess the location-
specific constraints and perform line balancing.  
If the communication loop from manufacturing locations to centralized planning 
location and between manufacturing locations are closed, there exists an opportunity to 
leverage enterprise-wide knowledge generation and consumption – leading to continuous 
improvement. To understand the information available at different phases of a product’s 
life, it is essential to first understand the Product Evolution Process.  
2.1 Product Evolution Process (PEP) 
The Product Evolution Process (PEP) described in this from [22]. This has also 
been referred to as the Product Emergence Process by other researchers [23]. The PEP 
can be divided into two phases – the Development phase and the Production phase (see 
Figure 3).  
 
Figure 3: Product Evolution Process 
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In the Development phase, market needs and product portfolio gaps are analyzed 
and new product development is initiated [16]. When such a need/gap is identified, 
product requirements are generated and elicited from customers. Subsequently, concept 
ideation is performed followed by concept evaluation and concept selection. In some 
cases, solid model representations of the different variants are required to perform 
thorough evaluation of all concepts [16]. Prototyping and virtual evaluation techniques 
are also used.  
Once a concept has been selected, embodiment design begins and is followed by 
detailed design [16]. Typically, it is in the detailed design phase that manufacturing and 
assembly process design is conducted. By this time, significant amount of effort and costs 
have been invested into a product’s design. Figure 4 shows the increase of cost-to-
redesign in the different PEP phases [16,22]. Any product-design-inherent manufacturing 
and/or assembly process issues will become increasingly expensive to resolve.  
 
Figure 4: Increasing cost to implement design changes [16,22] 
13 
 
The Production phase is divided into two sub-phases – Manufacturing and 
Assembly. In the Manufacturing sub-phase that raw material is converted into individual 
components. These individual components are assembled together in the Assembly sub-
phase. While PEP may seem to be a linear process, iterations are carried out within and 
across the Development and Production phase. Identification of downstream issues in 
early phases of the PEP is favorable as it is less expensive and less time consuming – 
frontloading [24]. Before approaches of frontloading are investigated, a discussion of the 
information available at each phase of the PEP is discussed in the following section.  
2.2 Information available at different PEP phases 
In the Design phase, product requirements are gathered based on market needs 
and customer evaluations. Concepts generated are evaluated for their compliance to the 
requirements. These concepts can be in the form of hand-drawn sketches or three 
dimensional solid models. It is argued that solid models are required for certain types of 
concept evaluation [16]. Solid model representations of concepts will allow for virtual 
product evaluation [25,26] and for modelling of concepts under static, dynamic and 
thermal loading conditions. These solid models can also be used to manufacture 
prototypes for further evaluations. When Prototyping and Evaluation is completed, a 
concept is selected and embodiment design of the concept is conducted. Apart from other 
evaluations, at this (embodiment) phase production processes for the various 
subcomponents are evaluated and manufacturing specifications developed. In this phase, 
solid models developed for prototyping and evaluation are modified based on evaluations 
conducted. After embodiment of the selected concept is completed, detailed 
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documentation of the dimensions, manufacturing processes and specifications, assembly 
instructions and operating procedures is completed.  
The next phase is Manufacturing, where plans developed during embodiment and 
detailed design are executed. Infeasible designs are identified and modified and the 
reasons for infeasibility are recorded. These modifications require the subcomponents to 
pass through prototyping, embodiment and detailed design. Once subcomponents are 
manufactured, they are assembled together to form the final product. Assembly work 
instructions are defined for every assembly process required. Assembly work instructions 
define the process by which two (or more) components are assembled together. Example 
assembly work instructions and the associated solid models are presented in Figure 5. 
 
Figure 5: Example solid model and assembly work instruction 
Assembly work instructions specify key elements of the assembly process, such 
as tools to be used, quality checks which must be conducted and rules which must be 
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followed [9,17,27]. Assembly work instructions are the entities which are assigned to 
workstations and workers during assembly line balancing. In some cases, several 
assembly work instructions can be combined together in a process sheet [9,20,28], and in 
these cases, the process sheet becomes the entity which is assigned to workstations and 
workers during assembly line balancing. Assembly work instructions also serve as legal 
documentation of the work required for the assembly of a product [9]. Other information 
is derived from assembly work instructions, such as assembly time estimates and 
ergonomic evaluations [18,19,29,30]. Enabling comparison of assembly process variants 
for the same components, will allow process engineers to think differently and possibly 
generate more efficient and innovative assembly process solutions. 
Assembly work instructions are first generated during virtual prototyping at a 
centralized assembly planning location. At this stage, assembly work instructions are in 
their nascent form and contain generic handling and assembly information of parts. An 
example set of assembly work instructions in the early phases of PEP are: 
Get casing  
Orient the case vertically such that the larger internal cylinder is on top 
Get screw  
Insert the screw into the casing 
 
These work instructions are then deployed to manufacturing locations, where 
plant-specific information is added and work instructions are refined. An example of this 
is: 
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Get casing from inventory box 
Orient the case vertically such that the larger internal cylinder is on top 
Get screw from the storage stand 
Insert the screw into the casing 
 
 
Figure 6: Feedback loops required in a manufacturing system 
The feedback loop from manufacturing locations to the centralized planning 
location is required. Communication among manufacturing locations must be enhanced 
as well (see Figure 6). When assembled, subcomponents may exhibit a collective 
behavior which was unintended and unwanted. Due to this, changes to the design of the 
product may be deemed necessary. The reasons for design changes are documented and 
each revision of the product’s design is recorded. Any change to the product’s design in 
this phase will warrant the revised design to pass through all previous phases of PEP. 
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This will cost money and is a time-consuming process. Therefore, it is necessary to 
couple product and process design. This will allow for manufacturing and assembly 
process considerations to be taken into account during product design, thus reducing the 
probability of having to conduct expensive, time-consuming design iterations.  
2.3 Product-Process coupling 
The need to reduce product development time and simultaneously increase 
product quality has led to the development of approaches such as concurrent engineering, 
rapid prototyping and design for X [31]. The common theme across these approaches is 
to break down barriers between design and manufacturing by estimating the effects of 
upstream decisions on downstream operations, often called frontloading [24]. In the 
context of this research, efforts are focused on coupling product design with assembly 
process design. The idea of coupling product and process design is not novel. 
Researchers have developed methods such as Design for Manufacturing and Design for 
Assembly [10,32–35] to relate product designs to manufacturing and assembly processes. 
Researchers have also developed methods to estimate cost, assembly time and assembly 
quality based on product design [23,31,36,37]. These approaches of product-process 
coupling are reviewed in the following section. 
2.3.1 Review of existing methods of product-process coupling 
Several researchers have recognized the need to take manufacturing and assembly 
considerations while designing products [33,34,38–40]. Design for Manufacturing and 
Assembly (DFMA) has been widely researched [33,34,38–40] to close the gap between 
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product and process design. A subset of DFMA methods have been reviewed in the 
following subsections. 
2.3.1.1 Hitachi Assembly Evaluation Method 
The Hitachi Assembly Evaluation Method (AEM) is based on the concept of ‘one 
motion for one part’ [41]. The assemblability (ease of assembly) is indicated by a score, 
‘E’, which accumulates when there is more than one motion per part. A similar score, 
‘K’, is computed which indicates the relative cost of assembly (with respect to existing 
parts). Miyakawa and Ohashi [41] developed the AEM based on twenty primary 
movement types. Based on these, the assembly of products is evaluated, and ‘K’ and ‘E’ 
scores are provided. A challenge of their method is in the lack of ability to distinguish 
between manual and automated assembly processes. 
2.3.1.2 Boothroyd and Dewhurst Design for Assembly Method 
In their method, Boothroyd and Dewhurst [32] assess the assemblability of a 
product based on two characteristics – handling and insertion of the parts. There are two 
sets of charts, one set for handling and another for insertion. The designer must navigate 
through these charts by answering questions about the product under evaluation. These 
questions require knowledge about the part, such as size, number of hands required to 
handle the part and whether the part can be assembled if flipped 180 degrees [32]. Some 
of the questions in the Boothroyd and Dewhurst method are subjective and can lead to 
variability in the answers they elicit. This can lead to inconsistencies in the assembly time 
estimations obtained by different designers. Boothroyd and Dewhurst also provided a 
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generic list of suggestions to improve a product’s assemblability. Some examples of these 
guidelines are – reduce total number of components; increase standardization in the parts 
used; and ensure assembly is in top-down direction.  
2.3.1.3 Lucas Method 
The Lucas method for DFA [38] is unique in that it includes quality concerns 
while analyzing a product for its assemblability. The method employs Quality Function 
Deployment (QFD) techniques to include quality concerns in the DFA analysis. There are 
three analyses that constitute the Lucas DFA method: functional analysis, feeding 
analysis and fitting analysis. The functional analysis guides the designer to differentiating 
between components that perform a ‘primary function’ and those that perform a 
‘secondary function’. This will allow designers to identify scope to eliminate components 
that perform a ‘secondary function’. Feeding analysis helps to identify the method of 
delivery of components from the manufacturing system to the assembly line. This will 
allow designers to consider the changes in their design which may allow feeding of 
components such that the handling thereafter is minimized.   
2.3.1.3 Assembly-Oriented Design 
Warnecke and Bassler [35], developed the Assembly-Oriented Design (AOD) 
method to include consideration of assembly during the early design process [33,35]. 
Their method aims to provide designers with perspectives of assembly process early in 
the design process to ensure that the number of iterations in the design process reduces. 
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The AOD method has been researched and adapted by DaimlerChrysler AG [33] in the 
automotive industry.   
Zha and colleagues [42] build upon the AOD method and provide a knowledge-
based approach to increase the level of automation within each stage. Zha and colleagues 
recognize that there are three levels at which assembly process perspectives need to be 
included: component level, product level and assembly-process level. At each level, the 
focus of the AOD method is to provide designers with guidelines for designing products 
that are less time consuming and less expensive from assembly process perspective. In 
the knowledge-based approach presented by Zha and colleagues [42,43], experienced 
design engineers and production experts explain complex concepts (pertaining to design 
geometries and assembly processes) to knowledge engineers. These knowledge engineers 
then generalize and codify the concepts, allowing for formalization of knowledge capture 
and reuse. This knowledge is supplemented with knowledge obtained from handbooks 
[32]. This method is based on the reuse of previous project knowledge approach 
presented by Thomke and Fujimoto [24]. This method of knowledge capture and reuse is 
time-consuming and relies on the explication abilities of engineers. 
2.3.1.4 Methods-Time Measurement (MTM) 
Maynard [44] developed Methods-Time Measurement (MTM) to increase 
consistency and reduce subjectivity of evaluating work content. While the intent of MTM 
was originally not to aid in concurrent design of product and process, it has transformed 
into a method which can bridge product and process design. There are several versions of 
MTM [30,44–46] (some even adapted and modified to suit specific enterprises). The 
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process of using MTM to analyze assembly processes does not change across versions, 
however data that is available in different versions of the MTM does. In general, MTM 
consists of a set of tables where each table corresponds to an assembly action (for 
example, ‘Get and Place’, ‘Handle Tool’ and ‘Laying Cables’).  Users of MTM have to 
first choose the most appropriate table with respect to the assembly process they are 
analyzing [30]. Once a table has been chosen, part information (such as dimensions and 
weight) must be used to determine an assembly time.  
Unlike Boothroyd and Dewhurst’s method [32], MTM does not explicitly provide 
guidelines for improving a product’s design based on manufacturing and assembly 
considerations. However, since part information is used to estimate assembly times, the 
sensitivity of the former to the latter will be apparent.  
2.3.1.4 Product and process clusters 
Manns and colleagues [46] developed a method of classifying products into 
clusters based on their weight, outer dimensions, center of gravity and number of 
standard components used. A training set of products, with known assembly processes, 
are classified into product clusters. Their assembly processes are classified into process 
clusters (MTM is used to characterize assembly processes). When a new product is 
designed, a naïve Bayes classifier is used to place it in a product cluster. This process 
cluster related to this product cluster is retrieved and the assembly process described 
therein is proposed (see Figure 7). 
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Figure 7: Use of product and process clusters for product-process coupling 
The causality between the product clusters and the assembly processes is neither 
tested nor discussed. Erohin and colleagues [31] present a similar method of relating 
product and process clusters to predict assembly process times in early phases of PEP. 
Their research lacks a discussion of causality between assembly times and the product 
cluster characteristics. A summary of the methods reviewed and challenges is presented 
in Table 1. 
Table 1: Summary of DFMA methods reviewed 
Reference Characteristics Challenges 
[41] 
Scores for ease of assembly and cost of 
assembly 
 
Based on twenty primary movements 
No distinction between 
manual and automated 
assembly processes 
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Reference Characteristics Challenges 
[32] 
Assembly times based on handling and 
insertion motions 
 
Rules to improve ease of assembly 
Subjective questions to 
arrive at an assembly time 
estimate - inconsistency 
across designers 
 
Rules are generic and may 
contradict rules for other 
considerations 
[38] 
Quality Fuction Deployment to include 
quality concerns in DFA 
 
Functional, Feeding and Fitting Analysis 
to analyze products 
Subjective rating scheme 
leading to variability 
[35] 
Includes assembly considerations in the 
early product design 
 
Knowledge-based approach to reduce 
effort of performing analysis 
Manufacturing 
considerations are not 
accounted for. 
 
Knowledge capture method 
relies on explication abilities 
of engineers 
[44] 
Assembly time estimates based on 
assembly actions and part characteristic 
 
Separate tables for each assembly action. 
Navigation within these tables will lead 
to assembly time estimates 
Ambiguity of among tables 
must be minimal to ensure 
consistent assembly time 
estimates 
 
Estimating time for every 
assembly action will be time 
consuming 
[31,46] 
Training set of product and process 
clusters 
 
Automated method to classify new 
product into product cluster and retrieve 
related process cluster 
Quantitative testing is 
lacking 
 
Lack of discussion and 
testing regarding causality 
between product cluster 
characteristics and process 
clusters 
 
Existing methods of performing Design for Manufacturing and Assembly can be 
(semi-)automated by using knowledge-based approaches. Namouz and colleagues [37,47] 
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characterize a product’s design using nine complexity metrics and use Artificial Neural 
Networks to relate this characterization to assembly times. The errors associated with this 
method of estimating assembly time can be as high as 110% [47]. Renu and colleagues 
[19,30,48] have developed a rule-based system to relate assembly work instruction 
elements to MTM tables. This method does not provide a time estimate for a certain 
product, but instead provides a subset of MTM tables which are most applicable to an 
assembly operation.  
Miller and colleagues [49] developed an assembly time estimation tool using 
Artificial Neural Networks (ANN). The ANN of this tool is trained on input of assembly 
work instruction verbs, object being assembled, number of objects being assembled, and 
volume of objects being assembled; and output of assembly time estimates using 
Methods-Time Measurement (MTM) [44]. However, the results obtained in this research 
show errors of up to 1043%. In addition, the causality between assembly work 
instructions and MTM time estimates was not discussed. 
In the aerospace industry, Jin and colleagues [50] developed a knowledge based 
approach to automate assembly time estimation. Their system is based on Maynard 
Operation Sequence Technique (MOST) [51] and uses part information (geometry and 
material) and operation description to estimate assembly time. The research presented by 
Jin and colleagues fails to explain the development of the knowledge base which 
provides artificial intelligence. It is unclear how the method presented can be extended to 
other time estimation standards (such as MTM).  
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Within the automotive industry, literature for knowledge-based assembly time 
estimation comes from Ford, Toyota and BMW [17,18,29,30,52]. Rychtyckyj [17] 
developed an automated assembly time estimation system based on MODAPTS (Modular 
Arrangement of Predetermined Time Standards). This system takes assembly work 
instructions as input, determines the associated MODAPTS codes and provides an 
assembly time estimate. While this system provides assembly time estimation for 
MODAPTS, the researcher does not present the rule-base used to determine MODAPTS 
codes for given assembly work instructions. Neither does the researcher present the 
method used to obtain the mapping between work instructions and time estimates. In 
Table 2, an overview of the DFMA methods and the information they use is presented. 
Table 2: Overview of product-process coupling methods 
 
Product-Process 
Coupling Method 
Element(s) of product 
design used 
Element(s) of 
process design 
addressed 
1 Hitachi [41] 
Geometry and mass of 
components 
Number of motions 
per component 
2 
Boothroyd and 
Dewhurst [32] 
Geometry and mass of 
components 
Assembly time 
3 Lucas [38] 
Geometry and functional 
purpose 
Quality and assembly 
motions 
4 
Assembly-Oriented 
Design [35,42,43] 
Conceptual designs, 
geometry and mass 
Assembly time 
5 
Methods-Time 
Measurement [44,45] 
Geometry and mass of 
components 
Assembly time and 
ergonomic 
evaluations 
6 
Product-Process clusters 
[31,46] 
Product weight, center of 
gravity, number of standard 
components 
Assembly work 
instructions and 
assembly time 
7 
Research presented in 
this dissertation 
Geometry 
Assembly work 
instructions 
 
26 
 
Although assembly time can be used as a metric to couple product and assembly 
process design, it will not suffice. Other considerations must also be taken into account, 
such as ergonomic feasibility of a product’s assembly and assembly process failure 
modes. Assembly work instructions can be used to evaluate assembly process feasibility 
from the perspective of assembly time [30], ergonomics [45] and process failure modes. 
In the literature which has been reviewed, one effort to link product and process design 
by use of solid models and assembly work instructions [23,31,46] has been found. 
However, this approach relies on high-level abstractions of the product being designed. 
The causality between the product abstractions and the process design elements is not 
tested. The research presented in this dissertation focusses on closing this gap (see Table 
2). The following sections discuss computational methods to analyze assembly solid 
models and assembly work instructions. 
2.4 Computational methods to analyze and compare assembly solid models 
Three dimensional representations of components and assembly of components 
will be referred to as solid models. Comparison of solid models, in this case, is with the 
perspective of determining solid similarity between two solid models. Solid models can 
be analyzed and compared at varying levels of abstraction. At a high level, two solid 
models can be compared based on their surface areas or volumes [53,54]. Another 
example of a high-level comparison of solid models is the use of center of gravity and/or 
weight of solid models [31,46]. At a lower level of abstraction, solid models can be 
compared based on statistics generated from various types of bounding volumes, such as 
bounding boxes, convex hulls and bounding spheres. These methods are known to be 
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insensitive to minor perturbations on the surface of solid models. At an even lower level 
of abstraction, solid models can be compared by means of their Boundary 
Representations, Constructive Solid Geometries and statistics based on their shapes. An 
example of two solid models at different levels of abstraction is shown in Table 3. 
Table 3: Abstractions of solid models 
Representation Solid Model 1 Solid Model 2 
Surface Area 3801.69 squared units 3345.42 squared units 
Volume 7153.34 cubic units 7777.26 cubic units 
Bounding Box 
  
Convex Hull 
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Statistical Representation 
D1 
  
Statistical Representation 
D2 
  
Native solid model 
  
 
There exists a trade-off between performance, level of abstraction for comparison 
and accuracy of results. In the following subsections the use of surface area, volumes, 
statistical representations of shapes and their abstractions is discussed. An overview of 
the methods of solid model comparison presented in subsequent sections is presented in 
Table 4. 
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Table 4: Summary of solid model comparison techniques explored in this research 
Representation Metric Section Number 
Comparison 
method 
Surface area, 
Volume 
Surface area 
2.4.1 
Absolute 
difference 
Volume 
Surface area/Volume 
Compactness 
Crinkliness 
Convex hull D2 2.4.3 L1 Minkowski 
Native solid 
model 
D1 2.4.4 
L1 Minkowski D2 2.4.5 
A3 2.4.6 
 
2.4.1 Comparison of solid models based on surface area and volume 
The similarity of pairs of solid models can be assessed by comparing the surface 
areas of the two, or even by comparing volumes of the two [53,54]. These methods of 
comparing solid models can lead to false positives. For example, let us consider two 
cuboids A and B, both with volume 27 cubic units. Let cuboid A have length, width and 
height all equal to 3 unit; and cuboid B have length, width and height equal to 27 units, 1 
units and 1 units (see Figure 8).  
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Figure 8: Example of two cuboids with dissimilar shapes but equal volumes 
Comparing the volumes of cuboid A and cuboid B will lead us to believe that the 
two shapes are absolutely similar. In another instance, let us consider a sphere and a cube 
which have the same surface area. Using surface area as a metric of similarity will lead us 
to believe that the cube and the sphere have absolutely similar shapes – another false 
positive.  
Researchers have recognized the computationally inexpensive nature of using 
either surface area or volume for comparison of solid models [53,55,56]. Combinations 
of surface area and volume have been proposed to be used a coarse filters for shape 
searching in large databases [53]. Compactness [55] is defined as a ratio of cube of 
surface area to the square of volume (see Equation (1)). Crinklinessself is defined as a 
ratio of surface area to volume raised to two-thirds (see Equation (2)). 
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3
2
SurfaceArea
Compactness
Volume
    (1) 
  
2/3self
SurfaceArea
Crinkliness
Volume
    (2) 
  
These methods combine surface area and volume measurements to provide more 
information about the solid model’s shape and size, when compared to the use of only 
surface area and/or volume. All these methods use absolute numbers of surface area, 
volume or any combination of the two, for comparison of solid models. Therefore, these 
methods are invariant to rotation and translation of solid models within the modelling 
coordinate system. Another method of representing solid models, which is invariant to 
rotation and translation, is statistical representation of solid models.  
2.4.2 Statistical representation of solid models 
Osada and colleagues [57] developed five methods to represent solid models as 
statistical cumulative frequency distributions. Each of the five methods relies on the 
generation of random points on the surface of solid models. Method A3 compares 
frequency plots of all angles between randomly generated points on the surface of a solid 
model.  
 Method D1 compares the frequency plots of distances between random 
points on the surface of solid models and centroid on the solid model (also 
see [56]).  
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 Method D2 compares the frequency plots of all pairwise distances 
between random points on the surface of solid models (see Figure 9). 
 Method D3 compares the frequency plots of the square root of area of 
triangles formed between random points on the surface of the solid model.  
 Method D4 computes and compares the cube root of the volume of 
tetrahedrons formed between four random points on the surface of solid 
models.  
 
Figure 9: Methods to represent shapes as frequency distributions [54,57] 
Comparison of frequency distributions is conducted by computing the L1 
Minkowski difference [57]. Osada and colleagues [57] compared these methods of 
statistical representation and found that D2 performs the best when a precision-recall 
analysis is performed.  
Since D1 uses the solid model’s centroid to form the statistical representation, it is 
inherently sensitive to perturbations to surface of the solid model. Osada and colleagues 
[57] use a weighted scheme of selecting “random” points while calculating D2. This 
weighting scheme ensures that more points are chosen from surfaces with higher areas. 
However, if this weighting scheme is removed, it is expected that D2 will also be 
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sensitive to minor perturbations. Similarly, for A3, if no weighting scheme is used for 
generation of “random” points, this method will also be sensitive to perturbations. These 
methods of representing solid models as statistical distributions can be applied to native 
solid models or abstractions of solid models. In the next section, the use of D2 to 
represent and compare the convex hulls of two solid models is discussed. 
2.4.3 Use of statistical representations to compare convex hulls of solid models 
A convex hull is defined as the tightest convex shape which can be wrapped 
around a solid model. An example of a solid model and its convex hull representation is 
shown in Figure 10.  
 
Source: http://www.clawjelly.net/misc/convexHulls.jpg (Accessed on 9/18/2015) 
Figure 10: Example solid model and its convex hull representation 
The use of convex hulls may prevent it from being unaffected by minor 
perturbations to the surface of solid models which is undesirable. The convex hulls of 
two solid models can be compared for shape similarity. The convex hulls of two solid 
models can be compared by analyzing their surface areas, volumes, compactness and/or 
crinkliness [53]. Another method to compare convex hulls is to use statistical 
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representations. In this case, the use of D2 approximation to compare the convex hulls of 
two solid models is presented. The pseudo code to perform this comparison is: 
For each solid model: 
    Compute convex hull 
    Compute 2500 random points on surface of convex hull 
    Compute distances between all point pairs 
    Store frequency distribution of distances 
Compute L1 Minkowski difference between frequency 
distributions of two solid models 
 
Examples of solid models and their convex hull frequency distributions are shown 
in Figure 11.  
 
Figure 11: Convex hull D2 frequency distribution for example solid models 
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2.4.4 Use of D2 to compare solid models 
Similar to the approach presented in the previous section, D2 can be used to 
compare the native shapes of solid models. An explanation of the expected trends in the 
frequency plots is presented by Rea and colleagues [58]. To perform the D2 comparison 
of solid models, the following pseudo code is used: 
For each solid model: 
    Get 2500 random points on surface of solid model 
    Get distances between all point pairs 
    Store frequency distribution of distances 
Get L1 Minkowski difference between frequency 
distributions of two solid models 
The frequency distributions of solid models and the respective solid models are 
shown in Figure 12. It can be observed that for the three screws which have threads, 
staggered steps can be observed in the frequency distributions. This is an expected pattern 
based on the literature found in [58]. 
36 
 
 
Figure 12: D2 distributions for solid models 
 
2.4.5 Use of D1 to compare solid models 
The D1 method of computing similarity between solid models requires the 
computation of the centroid of each solid model and distances between randomly 
generated points and the centroid. The following pseudo code is used to compute D1 
similarity between solid models: 
For each solid model: 
    Get centroid 
    Get 2500 random points on surface of solid model 
    Get distances between centroid and all random points 
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    Store frequency distribution of distances 
Get L1 Minkowski difference between frequency 
distributions of two solid models 
To demonstrate the D1 method, four solid models (of screws and nuts) are 
represented in terms of their D1 histogram. This is shown in Figure 13. 
 
Figure 13: D1 distribution of solid models 
2.4.6 Use of A3 to compare solid models 
A3 method of solid model similarity comparison uses frequency plots of angles 
between random points generated on the surface of the solid model. The following 
pseudo code is used to perform A3 similarity comparison between two solid models: 
For each solid model: 
    Get 2500 random points on surface of solid model 
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    Get angles between all point trios 
    Store frequency distribution of angles 
Get L1 Minkowski difference between frequency 
distributions of two solid models 
As an example, the same set of solid models (screws and nuts) is represented as 
A3 frequency distributions. This is shown in Figure 14. 
 
Figure 14: A3 distribution of solid models 
These computational methods of assessing solid model similarity are developed 
for single solid models. That is, in Figure 14, the screw and nut are both considered to be 
a single solid model. The algorithms perform similarity computation based on the 
assembly solid model and do not consider similarity of individual component models (see 
Figure 15 for example of assembly and component models). The method of using 
component solid models along with assembly solid models is explored in the next 
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chapter. In addition, investigation of the use of tessellation areas to compute solid model 
similarity is presented in the next chapter.  
 
Figure 15: Example of assembly and component models 
The objective of this research is to link product design with process design by 
relating solid model information to assembly process information. It is hypothesized that 
when a new product is designed, computational methods of assessing solid model 
similarity can be used to retrieve geometrically similar solid models from a database. If 
this hypothesis is supported, then the work instructions associated to the retrieved solid 
models can be computationally assessed for similarity and these work instructions can 
then be presented to the user. The next section discusses methods of computationally 
analyzing assembly work instructions. 
2.5 Computational methods to analyze and compare assembly work instructions 
Text similarity is required for a variety of applications ranging from artificial 
intelligence to information retrieval [59–62]. There are several methods of text 
comparison, a brief overview of some is provided by Achananuparp and colleagues [60]. 
In this research, we consider three broad approaches of text similarity measures: 
 Set operations on words of texts being compared 
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 Pattern matching based on frequencies 
 Vector representations of texts using corpora 
Word Overlap and Jaccard method belong to the first of three broad approaches. 
Term Frequency – Inverse Document Frequency (TF-IDF) belongs to the second and 
Latent Semantic Analysis belongs to the third. In this research, Word Overlap, Jaccard 
and TF-IDF are implemented in Matlab, while an implementation of LSA 
(http://lsa.colorado.edu/) [63] is used to perform document-to-document similarity checks 
on assembly work instructions. 
2.5.1 Word Overlap 
This method of computing similarity of texts is relatively simplistic. Word 
Overlap similarity score is determined by counting the number of terms which are 
common to both, query and database text. This is then divided by the number of words in 
the query text. It is hypothesized that this method is sensitive to synonymy and polysemy 
of words. It is also hypothesized that if this method is used for retrieval of assembly work 
instructions, there will be a large number of false positives. These hypotheses will be 
tested as a part of this research. Mathematically, Word Overlap is represented as: 

Word Overlap = 
A B
A
 (3) 
Where, A is the query text and B is the database text. 
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2.5.2 Jaccard Algorithm 
This method is similar to Word Overlap method. It computes the intersection 
(common words) of the words of the two texts being compared and also the union of the 
words. The proportion of the former to the latter is the Jaccard score of similarity is 
computed as: 


Jaccard Similarity = 
A B
A B
 (4) 
Where, A is the query text and B is the database text 
2.5.3 Term Frequency – Inverse Document Frequency (TF – IDF) 
This method of evaluating text similarity is reliant on all the documents in the 
database. The size of the database and accuracy of the scores are proportionally related. 
This measure of similarity takes into account the frequency of word occurrences in both, 
query and database, texts; as well as, frequency of word occurrence in all documents in 
the database. The version of TF-IDF used in this research is: 
   
 
 
   
 
 , ,
1
TF-IDF Similarity = log 1 log 1 log
0.5a A a Ba A B a
N
tf tf
df
 (5) 
where, tfa,A is the number of times term a appears in A, tfa,B is the number of times term a 
appears in B, dfa is the number of documents in which term a appears and N is the total 
number of documents [62]. 
2.5.4 Latent Semantic Analysis  
Text-based information retrieval is challenging especially when the information to 
be mined and retrieved is authored in unstructured, free text. In other words, when text is 
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authored in a subjective manner with a high degree of variability (in structure and 
language) among authors, computational retrieval becomes challenging. The diversity, 
within a language, with which information can be expressed, is large. Latent Semantic 
Analysis (LSA) may be used to mining and retrieval of similar text from databases [63]. 
LSA represents the query and database entities as matrices and performs singular value 
decomposition. The text entities (from query and database) are then represented as 
vectors in n-dimensional space and the similarity between the two is represented by the 
cosine of the angle between the vectors [63]. This method is independent of word-order 
and does not require the use of formatted corpora. The only two requirements from this 
method is tokenized units of text; and a large database of text to compare against (topic-
space) [63]. These units maybe words, phrases, sentences or documents.  LSA has been 
used for information retrieval by previous researchers [63,64]. In this research, an 
implementation of LSA (http://lsa.colorado.edu/) is used to perform similarity checks on 
assembly work instructions [64]. A generic topic space chosen for this comparison is 
“General reading up to 1st year college”. The ability of this LSA configuration to mimic 
human interpretation of assembly work instruction similarity is assessed.   
Assembly work instructions, when authored in free text, can lead to 
inconsistencies in assembly time estimates and consequently, assembly line balancing 
results. For an enterprise which has several manufacturing locations producing similar 
products, there is a need for consistent assembly line planning to ensure efficient quality 
control. The strong relationship between standardized procedures and quality control are 
discussed by Berger [13]. The results from this research will enable the retrieval of 
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similar assembly work instructions and thus, enable continuous improvement. This 
comparison and retrieval of assembly work instructions will allow for assembly process 
planners to compare their assembly processes to those of other manufacturing locations. 
This will lead to incremental improvements and improved standardization of process 
plans [13]. In the context of this research, there are a few challenges: 
 Assembly work instructions are not always grammatically correct. 
 Work instruction authors use free text, leading to variations in process 
descriptions for the same product.  
 Work instructions are generated by authors in several different locations 
around the world.  
 The level of detail of work instructions may vary across authors.  
The need to improve communication of process design knowledge, through 
assembly work instructions, has been established. Globalized manufacturing requires 
communication of assembly work instructions among the manufacturing facilities in 
order to ensure continuous improvement.  Assembly work instructions are authored in 
free text at locations across the world, and may not be grammatically consistent. The 
performance of existing text similarity comparison methods while evaluating assembly 
work instruction similarity needs verification. This verification is conducted in this 
research. 
2.6 Summary of research opportunities 
There have been efforts to couple product design and assembly process design 
[19,32,38,41–43,47]. Within these efforts, there is insufficient testing for causation 
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between product design and assembly process design. While it is understood that there 
will be assembly work instructions which relate to specific manufacturing locations, 
research needs to be conducted to assess the possibility of solid model similarity causing 
assembly work instruction similarity.  
While assessing solid model similarity, research needs to be conducted to assess 
the effects of using component model similarity along with assembly model similarity. 
The searches conducted, a benchmark for assembly solid models (including their 
component models) was not found. This gap must be addressed to allow for future 
researchers to validate solid model similarity algorithms which consider assembly and 
component model similarity. With respect to assembly work instructions, computational 
approaches of assessing textual similarity must be evaluated for their performance. The 
following five bullet points summarize the research opportunities identified and 
formulated in the literature reviewed and are the tasks for this research.  
 Compare solid model similarity approaches from the perspective of assembly 
processes  
Existing solid model similarity approaches are typically tested to evaluate their 
performance while classifying solid models into broad categories (such as “chair”, 
“mug” and “plane”) [53,57,65,66]. An investigation into computational identification 
of similar shapes from the perspective of the shapes’ assembly process is needed. 
 Assess use of component model similarity in conjunction with assembly 
model similarity  
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Of the reviewed methods to compute solid model similarity, none consider the 
similarity of the individual components which constitute the assembly. The effect of 
considering component similarity in conjunction with assembly model similarity must 
be evaluated. 
 Establish a benchmark for assembly and component solid models  
Although benchmarks for assessing solid model similarity exist [53,67–69], these 
contain assembly solid models and do not contain the component solid models. A 
benchmark for assembly and component solid models will enable researchers to 
explore and compare the use of component similarity while assessing assembly model 
similarity. 
 Assess computational linguistic approaches to compute assembly work 
instruction similarity 
Computational analysis of text can be performed by several approaches [62–64,70]. 
Since assembly work instructions are not grammatically correct and use enterprise-
specific terminology, the performance of these computational linguistic techniques to 
analyze assembly work instructions must be assessed.  
 Test causation between solid models and assembly work instructions  
After determining which objective and computational techniques of assessing 
assembly solid models and assembly work instructions mimic human interpretation 
the best, these techniques must be used to assess the causality between assembly work 
instructions and assembly solid models. If this causality exists, then similarity 
between solid models of new products and historical products can be used to predict 
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assembly work instructions. These assembly work instructions can be used to 
estimate ergonomic feasibility and assembly time [17–19,48], which will tie product 
design closer to assembly process design.  
The investigation of solid model similarity approaches is presented in the next 
chapter (see Figure 16). The correlation between nine solid model similarity algorithms 
and human interpretation of solid models similarity is assessed by comparing 
computational results to results from a survey. In the next chapter, the use of tessellation 
areas to assess solid model similarity is also presented.  
 
Figure 16: Overview of dissertation – End of Chapter Two 
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CHAPTER 3: COMPUTATIONAL SOLID MODEL SIMILARITY FOR ASSEMBLY 
PROCESS INFORMATION RETRIEVAL 
Chapter Objectives: 
 Provide summary of existing approaches and the related challenges 
 Explain solid model similarity metric developed 
 Explain approach of using component similarity along with assembly 
model similarity 
 Comparison of developed approach with respect to existing approaches 
 Recommend an approach to determine assembly solid model similarity 
 
Computational methods of assessing solid model similarity have been 
investigated from the perspective of multimedia, engineering design, biology and product 
lifecycle management [57,65,71–77]. Similarity is used to retrieve models from a 
database for a specific application and this application determines the desired properties 
of the solid model similarity computation method. In the case of this research, solid 
model similarity algorithms are used to retrieve models from a database to assist in 
assembly process planning. For this application, the solid model similarity computation 
method will have the following requirements. 
Requirement 1: The method must be sensitive to changes to the surface of solid 
models 
Assembly processes can be affected by changes to the design of a product. For 
example, addition of locator tabs to a plate and locator holes to the mating plate will 
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change the assembly process of two plates (see Figure 17). The method to compute solid 
model similarity must be sensitive to such differences (absence/presence of locator tabs). 
 
Figure 17: Two assemblies – one with locator tab and the other without 
Requirement 2: The method must be able to analyze tessellated solid models 
A method which computes solid model similarity on software neutral 
representations, such as tessellated solid models, will enable solid models designed 
across software platforms to be compared and associated knowledge reused. 
Requirement 3: The method must be insensitive to rotation and translation 
Solid model similarity must be independent of the modelling history used to 
obtain solid models. The subjectivity and variation across designers associated with use 
of planes (rotation) and origins (translation) within a solid modelling environment must 
not affect the solid model similarity computation method. 
Requirement 4: The method must be sensitive to scale 
It is perceivable that the two plates of same shape, one plate is ten times the size 
of the other, will have different assembly processes. Therefore, while computing solid 
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model similarity for assembly process information retrieval, it is necessary to consider 
not only shape, but also size of solid models.  
Requirement 5: The method must be deterministic  
A deterministic method of computing solid model similarity will ensure that a pair 
of solid models will always have the similarity score. Nine existing methods of 
computing solid model similarity are evaluated for their performance while retrieving 
solid models from the perspective of similarity of assembly processes – A3, D1, D2, 
Convex Hull, Surface Area, Volume, Surface/Volume, Compactness and Crinklinessself 
[54,56–58]. These methods have been discussed in the previous chapter and a summary is 
provided in Table 4. A qualitative analysis of the nine algorithms to meet the 
requirements is presented in Table 5. 
Table 5: Qualitative analysis of solid model similarity computation methods 
Requirement A3 Compactness 
Convex 
Hull 
Crinklinessself D1 D2 
Surface 
Area 
Volume 
1.   
   
Must be able 
to analyze 
tessellated 
solid models 
       
2.   
   
Must be 
deterministic 
       
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Requirement A3 Compactness 
Convex 
Hull 
Crinklinessself D1 D2 
Surface 
Area 
Volume 
3.   
   
Must be 
insensitive to 
rotation and 
translation 
       
4.   
   
Must be 
sensitive to 
noise 
       
5.   
   
Must be 
sensitive to 
scale 
       
 
Table 6: Summary of computational solid model similarity assessment methods 
Method Metric Example representation 
A3 
Angle between random points on the 
solid model 
 
Compactness Surface Area
3
/Volume
2
 10.25 
Convex Hull 
Distance between random points on 
the solid model 
 
Crinklinessself Surface Area/Volume
2/3
 14.23 
D1 
Distance between centroid and 
random points on the solid model 
 
D2 
Distance between random points on 
the solid model 
 
Surface Area Surface area 17.90 squared units 
Surface Area / 
Volume 
Surface Area / Volume 18.21 units
-1
 
Volume Volume 13.25 cubic units 
 
The Convex Hull, A3, D1 and D2 methods use a probabilistic random point 
generation to compute solid model similarity and therefore, these methods do not satisfy 
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the second requirement. Compactness, Convex Hull, Surface Area and Volume are high 
level abstractions of solid models which are insensitive to noise and therefore do not meet 
the fourth requirement. A3 uses angles between random points on the surface to 
determine similarity between two solid models. This implies that a solid model compared 
to its scaled-up version will be detected as identical. Appendix A contains testing to show 
that A3 is insensitive to scale. Therefore, A3 does not meet the fifth requirement. From 
the qualitative analysis, it is concluded that none of the nine approaches meet all 
requirements of the desired solid model similarity computation method. A method, not 
found in the literature reviewed, will not only meet all the requirements of the desired 
method of computing solid model similarity, but also mimic human interpretation of solid 
model similarity from the perspective of assembly processes. This method uses surface 
areas of tessellations to determine similarity between two solid models. This method of 
computing solid model similarity is explained in the following section. 
3.1 Use of tessellation areas to determine solid model similarity 
Tessellated solid models are those which are an aggregation of triangles. File 
formats, such as STL [78], 3DS [79] and AMF [80] save solid model information as 
tessellated data (Figure 18 shows an example of an STL file). Researchers have also 
developed methods of converting solid models from native software file formats to 
tessellated representations [81].  
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Figure 18: Example tessellated solid model 
 
Figure 19: Example of tessellation differences of a plate with hole and without hole 
While converting solid models to tessellated representation, the resolution of 
tessellations can be changed. A high resolution tessellated file will contain a larger 
number of tessellations than one with a lower resolution – as shown in Figure 18. An 
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assumption made in this research is that when solid models are converted to tessellated 
representations, the resolution is kept constant. 
It is observed that tessellated representations are sensitive to changes in the 
surface of solid models. Figure 19 shows two parts – Part A has two holes while Part B 
has only one hole. Tessellation differences are observed at two levels – first, the number 
of tessellations in Part A are more than that in Part B; second, the frequency distribution 
of tessellation areas in Part A will be different than that of Part B. Comparing frequency 
distributions of tessellation areas from two parts can be used to determine solid model 
similarity. The pseudo code for performing this comparison is the following: 
For each solid model 
 For each tessellation  
Compute area of tessellation and store in 
array  
Compute frequency count of each unique 
tessellation area 
Find difference between frequency counts of both solid 
models  
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Figure 20: Example of calculating tessellation area distribution based solid model 
similarity 
In the two-dimensional models shown in Figure 20, Model 1 has four tessellations 
with area 5 squared units. Model 2 has two tessellations with area 5 squared units and 
two other tessellations with area 10 squared units. For all tessellations with area 5 units 
squared, the difference in tessellation count between Model 1 and Model 2 is two. For all 
tessellations with area 10 units squared, the difference in tessellation count between 
Model 1 and Model 2 is two. Therefore, the solid model similarity between the Model 1 
and Model 2 is four.  
This method of comparing solid models for similarity requires the solid models to 
be represented as tessellated models and will therefore satisfy the first requirement of the 
desired solid model similarity algorithm: Must be able to analyze tessellated solid 
models.  
Frequency distributions of tessellation areas are computed by iterating through all 
the tessellations in a solid model and storing the surface area of each tessellation. Once 
this data is gathered, a frequency of count of each unique tessellation area is computed. 
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An extract of a frequency plot of tessellation areas for two different solid models is 
shown in Figure 21. 
 
Figure 21: Frequency plot of tessellation areas for two solid models 
This process of generating frequency distributions of tessellation areas is 
deterministic and therefore, this method of computing solid model similarity satisfies the 
second requirement: Must be deterministic. Also, tessellated representations are 
inherently unaffected by modelling planes and origins, which makes the proposed method 
of computing solid model similarity insensitive to rotation and translation (third 
requirement).  
As shown in Figure 19, the tessellations generated depend on all features 
modelled. In Figure 19, the presence of one hole in Part A changed the number of 
tessellations generated and also the frequency distributions of tessellation areas. 
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Therefore, the proposed method of computing solid model similarity meets the fourth 
requirement: Must be sensitive to noise.  
Tessellations of scaled models will also be scaled accordingly and this makes the 
method sensitive to scale (fifth requirement). Although the approach of using tessellation 
frequency distributions to compute solid model similarity meets all the requirements of 
the desired solid model similarity algorithm, it performance must be assessed 
quantitatively. The performance of the existing methods of determining solid model 
similarity must be compared to the performance of tessellation frequency distribution 
method of determining solid model similarity. This testing is presented in the next 
section. 
3.2 Comparison of existing solid model similarity methods to tessellation area 
frequency distribution solid model similarity 
The testing presented in this section is conducted to answer research question 1 - 
What solid model information can be used to compute solid model similarity from the 
perspective of assembly processes? Based on the gaps found in the literature (Chapter 2), 
this research question is broken down into two sub-questions: 
Research Question 1.1: Does the use of component model similarity improve the 
solid model similarity techniques’ correlation to human interpretation of solid 
model similarity from the perspective of assembly processes? 
Research Question 1.2: How does the method of using tessellation area 
distributions to compute solid model similarity compare to existing solid model 
similarity techniques? 
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It is required to have a set of data to compare computational solid model 
similarity approaches against. A pilot survey was conducted to gather human 
interpretation of solid model similarity from the perspective of assembly processes. The 
goal of this survey was to assess the user interface to be used for the larger, second 
survey. The data and analysis from this survey is presented in [77]. The findings from 
this pilot were used to make changes the revised, second survey was deployed. The 
following sections discuss the pilot and revised survey. 
3.2.1 Surveys to get solid model similarity 
Two surveys were conducted –first, a pilot survey was conducted to assess the 
method of data collection; and learn and rectify shortcomings. The second survey was a 
result of the changes implemented to the first survey. The second survey will hereafter be 
referred to as the revised survey. The pilot survey consisted of seven sets of five solid 
model pairs each (thirty five pairs of solid models in all) and eight participants rated each 
pair on a five-point Likert scale (see Table 7).  
Table 7: Likert scale used in survey 
1 Not at all similar 
2 Somewhat similar 
3 Similar 
4 Very similar 
5 Identical 
 
Not all thirty-five pairs of solid models were unique. Some solid model pairs were 
repeated to ensure intra-rater agreement. All the solid models in this survey were 
assembly models comprised of two component models (see Figure 22). Participants were 
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instructed to rate the similarity between each pair of solid models based on the similarity 
of their assembly processes and there was no time restriction imposed on the participants.  
 
Figure 22: Snippet of pilot survey 
All solid models used for the pilot survey are presented in Appendix B. Several 
models are obtained from the C-Design Lab at Purdue University (Source: 
https://engineering.purdue.edu/cdesign/wp/). All STL file pairs that are to be compared 
for similarity, are created with the same resolution of tessellations. The dimensions for 
these models are obtained by opening these files in SolidWorks © and using millimeters 
as the default unit of measurement. In terms of the classification of solid models 
presented by Jayanti and colleagues [53], the solid models used in this research are 
distributed as follows (also shown in Figure 23): 
 Solids of revolution: 60% 
o Bolt like parts: 18% 
o Cylindrical parts: 18% 
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o Long pins: 12% 
o Spoked wheels: 12% 
 Flat-thin wall components: 22% 
o Bracket like parts: 12% 
o Curved housings: 12% 
 Rectangular-cubic prism: 18% 
o Small machined blocks: 9% 
o Thin plates: 9% 
 
Figure 23: Distribution of solid models across categories from Engineering Shape 
Benchmark [53] 
The complexity of these assembly model files were assessed by counting the 
number of tessellations and comparing them to the number of tessellations from primitive 
shapes (cone, cube, cylinder, pyramid, sphere, torus and wedge) [82]. The results from 
this comparison are presented in Table 8. 
Bolt like parts
Cylindrical parts
Long pins
Spoked wheels
Bracket like parts
Curved housings
Small machined blocks
Thin plates
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The last column in Table 8 represents the percent of assembly models used in the 
survey that have lesser number of tessellations (lesser complexity) than corresponding 
primitive shape (P). The last row shows 2.85% of survey assembly models have lesser 
complexity than the average complexity of primitive shapes. 
Table 8: Complexity of assembly models used in pilot survey 
Primitive Shape Number of tessellations 
for primitive shape 
P 
Pyramid 18 0 
Wedge 24 0 
Cube 36 0 
Cone 216 0 
Cylinder 396 0 
Torus 5940 15 
Sphere 7056 15 
Average 1956 2.85 
 
3.2.2 Revised solid model similarity survey 
Since similarity of solid models is computed for the purpose of retrieving 
assembly work instructions, seventy assembly work instructions from the automotive 
industry were analyzed for the number of components they referred to. It was found that, 
on average, work instruction sets referred to 3.67 components with a standard deviation 
of 1.38. Therefore, the revised survey was designed to consist of assembly solid models 
comprising of two, three, four and five component models.  
Table 9: Complexity of assembly models used in revised survey 
Primitive Shape Number of tessellations 
for primitive shape 
P 
Pyramid 18 0 
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Primitive Shape Number of tessellations 
for primitive shape 
P 
Wedge 24 0 
Cube 36 0 
Cone 216 0 
Cylinder 396 1% 
Torus 5940 35% 
Sphere 7056 37% 
Average 1956 15% 
 
 
Figure 24: Comparison of complexity of solid models from pilot and revised survey 
The individual models used in the revised survey were also chosen such that they 
were more complex than the models used in the pilot survey. The revised survey 
consisted of 165 unique solid models (images of all solid models can be found in 
Appendix C). These solid models are sourced from 3DContentCentral®, GrabCAD© and 
Shape Benchmark from C-Design lab at Purdue University [53]. A summary of the 
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complexity of the solid models used in the revised survey is presented in Table 9 and 
comparison to complexity of solid models in pilot survey is presented in Figure 24. The 
differences between the pilot and revised survey are presented in Table 10. 
Table 10: Comparison of pilot and revised survey 
 Survey 1 Survey 2 
Number of participants 8 18 
Number of components per assembly 2 2,3,4 and 5 
Average complexity of solid models 11815 25353 
Number of solid model pairs to be rated by 
participants 
35 185 
 
All solid models used in the revised survey are made available as a benchmark at 
http://people.clemson.edu/~rrenu/benchmark/index.php. At the benchmark website, 
Matlab implementations of the nine algorithms are also available. Screenshots of the 
benchmark webpage are presented in Appendix D. 
3.2.3 Data collected from the revised solid model similarity survey 
Eighteen Mechanical Engineering graduate students participated in the revised 
survey. Each of these participants rated the similarity between thirty-six sets of five pairs 
of assembly solid models (180 solid model pairs in all). This rating was performed on the 
same five point Likert scale shown in Table 7. There were 165 unique solid model pairs 
in the revised survey. The twenty duplicate solid model pairs were used to test for Intra-
Rater Agreement. All eighteen participants showed absolute intra-rater agreement. The 
scores for each solid model pair (refer Appendix C for all solid model pairs) as rated by 
the eighteen participants is shown in Appendix E. A snippet of these scores is shown in 
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Table 11. In this table, the values listed under each Likert rating indicate the number of 
participants who have assigned that rating to the particular solid model pair. For example, 
for Set ID 10 Pair 1, two participants rated this pair as not at all similar, eight participants 
rated this as somewhat similar, five participants rated this as similar, three participants 
rated this pair as very similar and no participants rated this pair as identical. 
Table 11: Snippet of raw data collected from revised survey 
Set 
ID 
Pair 
ID 
1 
(Not at 
all 
similar) 
2 
(Somewhat 
similar) 
3 
(Similar) 
4 
(Very 
similar) 
5 
(Identical) 
Overall 
Score 
10 1 2 8 5 3 0 45 
 
2 9 7 2 0 0 29 
 
3 9 7 2 0 0 29 
 
4 6 8 3 1 0 35 
 
5 3 5 8 2 0 45 
11 1 3 1 6 8 0 55 
 
2 14 3 1 0 0 23 
 
3 0 2 5 8 3 66 
 
4 0 2 4 9 3 67 
 
5 4 5 7 2 0 43 
12 1 4 6 6 2 0 42 
 
2 4 5 5 3 1 46 
 
3 12 3 2 1 0 28 
 
4 4 6 6 2 0 42 
 
5 2 4 7 5 0 51 
13 1 12 4 2 0 0 26 
 
2 0 3 5 6 4 65 
 
3 0 0 3 11 4 73 
 
4 4 7 5 2 0 41 
 
5 13 2 3 0 0 26 
14 1 0 2 5 8 3 66 
 
2 4 4 5 5 0 47 
 
3 13 2 3 0 0 26 
 
4 11 4 3 0 0 28 
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Set 
ID 
Pair 
ID 
1 
(Not at 
all 
similar) 
2 
(Somewhat 
similar) 
3 
(Similar) 
4 
(Very 
similar) 
5 
(Identical) 
Overall 
Score 
 
5 14 3 1 0 0 23 
 
The overall score for a solid model pair is computed by using Equation 6. The 
five solid model pairs in each set are ranked, in descending order based on the overall 
score. The rankings for the four sets of solid models presented in Table 11 are shown in 
Table 12. 
                                                      
i
5
p r
i=1
Overallscore = s ×v  (6) 
where sp is the number of survey participants who have assigned a particular Likert rating 
to the solid model pair; and vri is the value of the i
th 
Likert rating. 
Table 12: Ranks assigned to solid model pairs based on overall score 
Set ID Pair ID Overall 
Score 
Rank 
10 1 45 1.5 
 
2 29 4.5 
 
3 29 4.5 
 
4 35 3 
 
5 45 1.5 
11 1 55 3 
 
2 23 5 
 
3 66 2 
 
4 67 1 
 
5 43 4 
12 1 42 3.5 
 
2 46 2 
 
3 28 5 
 
4 42 3.5 
 
5 51 1 
13 1 26 4.5 
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Set ID Pair ID Overall 
Score 
Rank 
 
2 65 2 
 
3 73 1 
 
4 41 3 
 
5 26 4.5 
14 1 66 1 
 
2 47 2 
 
3 26 4 
 
4 28 3 
 
5 23 5 
 
These ranks are obtained for all sets of solid model pairs. Ranks are also obtained 
from each of the nine solid model similarity algorithms from literature and from the 
tessellation area distribution solid model similarity approach. When solid model 
similarity is computed computationally, two cases are considered – one where component 
model similarity is added to assembly model similarity; and second where assembly 
model similarity is considered on its own. Inter-Rater Reliability (IRR) is calculated by 
computing the Krippendorff’s Alpha [83–85] for every set of solid models. High IRR 
implies high agreement of similarity scores between participants and a low IRR implies 
that participants have little agreement on what the similarity between a pair of solid 
models is. The IRR’s for all the solid model sets is presented in Table 13.  
Table 13: IRR scores for all solid model sets 
Solid 
model set 
ID 
1 2 3 4 5 6 7 8 9 10 11 12 
IRR 0.74 0.73 0.59 0.42 0.13 0.73 0.00 0.48 0.42 0.16 0.48 0.12 
Solid 
model set 
ID 
13 14 15 16 17 18 19 20 21 22 23 24 
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IRR 0.63 0.50 0.08 -0.04 0.69 0.11 0.37 0.04 0.04 0.44 0.74 0.02 
Solid 
model set 
ID 
25 26 27 28 29 30 31 32 33 34 35 36 
IRR 
0.49 0.11 0.39 -0.02 0.68 0.03 0.58 0.51 0.64 
-
0.02 
0.32 0.52 
 
An IRR of greater than or equal to 0.6 is considered to be moderate agreement 
[86]. The number of solid model sets whose IRR is greater than 0.6 is computed and it is 
found that eight (out of thirty-six) solid model sets have IRR greater than or equal to 0.6 
(see Table 14). Since this IRR value is acceptable and the number of samples (solid 
model sets) is not insignificant, only those eight solid models whose IRR is greater than 
or equal to 0.6 are considered for further analysis. 
Table 14: Number of solid model sets with specific IRR cut-offs 
IRR Cut-off Number of solid model sets 
with IRR ≥ IRR cut-off 
0.1 27 
0.2 22 
0.3 22 
0.4 19 
0.5 12 
0.6 8 
0.7 4 
0.8 0 
 
Ranked lists from the revised solid model similarity survey are compared to: 1) 
the ranked lists obtained from the nine solid model similarity approaches from literature 
and; 2) the ranked list obtained from the tessellation area distribution solid model 
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similarity approach. The metric used, in this research, to compare two ranked lists is the 
Pearson’s rank correlation coefficient [87] (see Equation (7)). 
                       
  
   
2 2
x x y y
CorrelationCoefficient
x x y y
 

 


 (7) 
where x is a rank from the first list, x is the mean rank from the first list, y is a rank from 
the second list and y is the mean rank from the second list. 
3.2.4 Evaluation of the effect of using component model similarity in conjunction 
with assembly model similarity 
The information presented in this section aims to address Research Question 1.1 - 
Does the use of component model similarity improve the solid model similarity 
techniques’ correlation to mimic human interpretation of solid model similarity from the 
perspective of assembly processes?  
The nine solid model similarity algorithms from literature are used to compute 
similarity between solid model pairs by using component model similarity and assembly 
model similarity. Two cases are considered.  
Case 1: Scores for component model similarity are combined with scores of the 
respective assembly model similarity and ranked list of similar models are generated (see 
Figure 25). These ranked lists are compared to the ranked lists from the survey and 
assessed for correlation.  
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Figure 25: Example of combined component and assembly model similarity 
Case 2: Scores for assembly model similarity alone are used to generate ranked 
lists which are then compared to survey ranked lists.  
The average and standard deviation for all nine solid model similarity algorithms 
from literature are presented in Table 15. It is hypothesized that the correlation 
coefficient obtained in Case 1 will be significantly higher than the correlation coefficient 
obtained in Case 2. A t-test [87] was conducted to test for significance of the difference 
between the correlations with an level of significance of 0.1. The null and alternative 
hypotheses for this t-test are: 
Null Hypothesis: The difference between the correlation coefficients obtained 
from Case 1 and Case 2 is insignificant. 
Alternative Hypothesis: The difference between the correlation coefficients 
obtained from Case 1 and Case 2 is significant. 
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Table 15: Average and Standard Deviation of correlation coefficients for nine solid 
model similarity algorithms for Case 1 and Case 2 
Solid Model Similarity Method Case 1 Case 2 
A3 
Average 0.635 0.627 
Standard Deviation 0.450 0.244 
Compactness 
Average 0.802 0.484 
Standard Deviation 0.130 0.504 
Convexhull 
Average 0.349 0.038 
Standard Deviation 0.555 0.557 
Crinkliness 
Average 0.828 0.608 
Standard Deviation 0.120 0.323 
D1 
Average 0.725 0.701 
Standard Deviation 0.155 0.284 
D2 
Average 0.712 0.554 
Standard Deviation 0.136 0.329 
SA 
Average 0.724 0.756 
Standard Deviation 0.417 0.440 
SA to Vol 
Average 0.601 0.517 
Standard Deviation 0.498 0.357 
Vol 
Average 0.580 0.484 
Standard Deviation 0.619 0.600 
 
The 90% confidence intervals for the data from Case 1 and Case 2 are computed. 
Given a solid model similarity algorithm, if the confidence intervals of Case 1 overlap 
with those of Case 2, it can be concluded that the difference is insignificant. In other 
words, if there does exist overlap in the confidence intervals, then we fail to reject the 
null hypothesis. The computed confidence intervals for Case 1 and Case 2 are presented 
in Table 16 and Table 17 and are graphically presented in Figure 26. From this it can be 
seen that for all algorithms there exists overlap between the confidence intervals of Case 
1 and Case 2.  
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This test indicates that the increase in average rank correlation when component 
models similarity is used in conjunction with assembly model similarity (with respect to 
human interpretation of solid model similarity) is insignificant. The research hypothesis 
is not supported. However, the standard deviation of correlation coefficients reduces 
when assembly and component models are used together to obtain solid model similarity. 
Lower standard deviations are a desirable property of solid model similarity algorithms 
especially when it is applied to information retrieval. 
Table 16: Confidence Intervals for Case 1 
Case 1 90% Confidence level 
A3 0.913 0.357 
Compactness 0.883 0.721 
ConvexHull 0.692 0.006 
Crinkliness 0.902 0.754 
D1 0.821 0.629 
D2 0.796 0.628 
SA 0.982 0.466 
SAtoVOL 0.909 0.293 
Vol 0.964 0.197 
 
Table 17: Confidence Intervals for Case 2 
Case 2 90% Confidence Level 
A3 0.778 0.476 
Compactness 0.796 0.172 
Convexhull 0.383 -0.306 
Crinkliness 0.808 0.408 
D1 0.877 0.525 
D2 0.757 0.350 
SA 1.028 0.484 
SA to Vol 0.738 0.296 
Vol 0.855 0.113 
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Figure 26: Graphical representation of confidence intervals of Case 1 and Case 2 
average rank correlation coefficients 
3.2.5 Comparison of existing solid model similarity algorithms with tessellation 
area distribution solid model similarity method 
The information presented in this sections aims to answer Research Question 1.2 
How does the method of using tessellation area distributions to compute solid model 
similarity compare to existing solid model similarity techniques? The average rank 
correlation coefficients for the nine solid model similarity algorithms are compared to the 
rank correlation coefficient from the tessellation area distribution algorithm. The data for 
average and standard deviation of rank correlation coefficients of all algorithms is 
presented in Table 18. 
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Table 18: Average and standard deviation of rank correlation coefficients for all 
algorithms 
 Average Rank 
Correlation 
Standard Deviation 
Crinkliness 0.828 0.120 
Compactness 0.802 0.130 
D1 0.725 0.155 
SA 0.724 0.417 
D2 0.712 0.136 
A3 0.635 0.450 
SA to Vol 0.601 0.498 
Tessellation Area Distribution 0.580 0.373 
Vol 0.580 0.619 
Convex Hull 0.349 0.555 
 
The data from Table 18 shows that neither of the methods is statistically different 
from each other. However, average rank correlation implies accuracy and standard 
deviation implies precision. From this perspective, it can be concluded that tessellation 
area distribution has accuracy better than only two other solid model similarity 
algorithms and its precision is poor.  
Tessellation area distribution method of computing solid model similarity does 
not outperform existing methods of determining solid model similarity.  
D1, D2, Compactness and Crinkliness have better accuracy and precision than 
other algorithms. The absolute value of rank correlation coefficient indicates that the 
difference between these two methods is insignificant. A trade-off analysis can be 
performed based on the qualitative analysis of the solid model similarity methods (see 
Table 5). Compactness and Crinkliness are insensitive to noise and changes to the surface 
of the solid models while D1 and D2 are probabilistic in nature. If it can be proved that 
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results from D1 and D2 are repeatable, then the effect of probabilistic nature of the 
method can be neglected. To test for repeatability of D1 and D2, each algorithm was run 
fifty times with the same query solid model and same database set of solid models. The 
rank correlations between two successive runs were computed. If the average rank 
correlation between two runs is found to be one, this implies that the method is 
considered to be deterministic. The average and standard deviations for the repeatability 
test of D1 and D2 is presented in Table 19. From the data presented in Table 19, it can be 
concluded that methods D1 and D2 are not absolutely deterministic, but the results they 
provide are repeatable. Method D1 is based on the location of the centroid of the solid 
model and will therefore be more sensitive to changes to the solid model that D2.  
Table 19: Repeatability test results summary for D1 and D2 
 Average Standard Deviation 
D1 0.999246 0.998600 
D2 0.000342 0.000685 
Number of sample points 49 49 
 
3.3 D1 method to compute solid model similarity and visualizing differences in 
solid models 
It is recommended that D1 solid model similarity approach be used to determine 
similarity between solid models from an assembly perspective. Also, assembly and 
component model similarity must be summed to obtain solid model similarity scores. 
This contributes to the research objective by providing a method to retrieve similar 
assembly solid models based on a query model.  
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Although tessellation area frequency distribution method of computing solid 
model similarity did not correlate to human interpretation of solid model similarity, the 
information generated by this method can be used to highlight tessellation differences 
between two solid models. The method compiles a list of tessellations which are present 
within one solid model but not another. These tessellations, when highlighted, will 
visually indicate differences between two solid models. This method of identifying and 
visualizing differences between two solid models answers Research Question 2: How 
can differences in solid models be identified? Figure 27 shows examples of different 
solid models and their difference highlighted by using the tessellation area frequency 
distribution information. 
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Figure 27: Difference between solid models highlighted using tessellation area 
information 
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Once a set of similar assembly solid models is retrieved, their related assembly 
work instructions must be computationally analyzed for similarity. This will allow for 
similarity of assembly processes to be assessed and will also allow for a metric of 
consistency of assembly work instructions to be computed. In the next chapter, four 
methods of computationally analyzing assembly work instructions are presented. Their 
correlation to human interpretation of assembly work instruction similarity is assessed by 
comparing computational results to survey results. 
 
Figure 28: Overview of dissertation – end of Chapter 3 
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CHAPTER 4: COMPUTATIONAL ANALYSIS OF ASSEMBLY WORK 
INSTRUCTIONS 
Chapter Objectives: 
 Provide summary of existing approaches  
 Compare results from computational approaches to survey results 
 Recommend a computational method to compare assembly work 
instructions 
 
Assembly work instructions prescribe the assembly process of components and 
are key elements of process design (see Figure 1). Knowledge of assembly work 
instructions in the product design phase will allow for product-process coupling and will 
frontload [24] downstream issues which may be caused by a product’s design. This will 
not only reduce time and cost of design iterations, but will also allow for consistent 
assembly process planning for similarly designed products. Four methods of 
computationally comparing assembly work instructions are investigated in this research: 
Word Overlap, Jaccard, Term Frequency - Inverse Document Frequency and Latent 
Semantic Analysis. These methods of comparing texts have been explained in Section 2.5 
and a summary is provided in Table 20.  
Table 20: Methods of assessing assembly work instruction similarity 
Method Metric 
SimilarityWord Overlap 
Word Overlap Similarity = 
A B
A

  
where, A is the query text and B is the database text 
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Method Metric 
SimilarityJaccard 


Jaccard Similarity = 
A B
A B
 
where, A is the query text and B is the database text 
SimilarityTF-IDF 
   
 
 
   
 
 , ,
1
TF-IDF Similarity = log 1 log 1 log
0.5a A a Ba A B a
N
tf tf
df
 
where, tfa,A is the number of times term a appears in A, tfa,B is 
the number of times term a appears in B, dfa is the number of 
documents in which term a appears and N is the total number of 
documents [62] 
SimilarityLSA 
 
.
cos
|| ||||B||
A B
LSA similarity
A
  
  
 
where, A is the query text and B is the database text 
 
The following research questions have been formulated to guide the exploration 
of application of computational text analysis techniques to assembly work instructions: 
Research Question 4.1: Which of the four methods of measuring text similarity 
provides the most accurate results while comparing assembly work instructions? 
Research Question 4.2: How do the four text similarity measurement methods 
vary in terms of their sensitivity to synonymy and polysemy of words used in 
assembly work instructions? 
The accuracy mentioned within Research Question A pertains to the correlation 
between scores from each of the four computational text analysis methods and scores 
from a survey. This accuracy will indicate which of the four computational methods of 
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assessing assembly work instruction similarity mimics human interpretation of assembly 
work instruction similarity. Different authors will tend to use synonyms to convey the 
same assembly process description when assembly work instructions are authored in 
unstructured free text. The answer to Research Question B will allow for an 
understanding of which of the four methods is more suited to analyze assembly work 
instructions authored in unstructured free text. A survey was conducted to gather human 
interpretation of assembly work instruction similarity and the computational method 
results are compared to this. The next section describes the survey conducted. 
4.1 Surveys for assembly work instruction similarity 
A baseline quantification of assembly work instruction similarity was required to 
verify the accuracy of the four text similarity method scores. To get this, a survey was 
conducted where ten participants were asked to rate the semantic similarity of forty-five 
assembly work instruction set pairs, on a 0 – 100 scale.  Figure 29 shows a snippet of the 
survey.  
 
Figure 29: Snippet of the survey 
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Ten different assembly work instruction sets were used. These were obtained 
from the automotive industry and participants were all mechanical engineers. All work 
instruction sets are presented in Table 21 (enterprise-specific information has been 
replaced with ‘%%%’) and description of all work instruction sets is presented in Table 
22. To establish intra-rater reliability, the participants were asked to rate the similarity of 
a work instruction set with itself ten times. The expected score for these ten ratings is 
100, implying semantically identical work instruction sets.  
Table 21: Example work instruction sets 
Work 
Instruction 
Set ID 
Work Instruction Set 
1 
010 Retrieve (%%%) %%% bracket %%% from line side storage. 
020 Install the %%% clips into the %%% %%% holes in the %%%. 
Q Make sure %%% is on the %%% 
030 Use %%% to seat the %%% to the body. 
Q Make sure the %%% touches the outside part of the %%%. 
2 010 Get parts and tool 
3 
010 Verify on broadcast sheet %%% for %%% caps and option %%% 
for %%% caps. 
020 Get front %%% %%% 
030 Position %%% 
040 Push %%% in x-direction (rear) to clip in at the %%%. 
050 Get %%% (LS) and go to %%% end of car. 
060 Position %%% 
070 Push %%% in x-direction (front) to clip in at the %%% 
4 
010 Get the lock and (%%%) screws. 
020 Put the %%% through the hole in the %%% of the %%% and 
position %%% 
Q Ensure wire for %%% is present 
030 Hand start %%% screws. 
5 
010 Read Broadcast Sheet to get correct part. 
020 Get(1) Screw. 
030 Align Clips to body holes and snap into position. 
040 Fasten with (1) Screw. 
6 010 Get correct part from rack. 
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Work 
Instruction 
Set ID 
Work Instruction Set 
7 
010 Get %%% tool from line side parts rack. 
020 Return Tool to line side. 
8 
010 Get completed%%% with %%% applied on it. 
Q Do not let %%% sit for longer then %%% mintues after %%% 
%%% has been applied. 
020 Verify that the %%% on %%% is not flat or damaged and is 
evenly dissipated on the %%%. 
Q Compare to sample part located next to automated cell. 
030 Place %%% in the opening of the %%% 
Q Do not install %%% while vehicle is in the process of %%% %%% 
of the %%% %%% 
Q Apply pressure equally to the entirety of the %%% 
040 Place %%% Tool over %%% and push handle to max. 
Q Make sure that right side (closed edge) of tool bottoms out with 
right side (non %%% edge) of %%% before applying %%% full 
pressure. 
9 010 Walk to get tool and return 
10 
010 Walk to get tool and return 
010 Walk to get %%% tool. 
020 Return %%% tool to rack. 
030 Get %%% tool from lineside. 
040 Place %%% Tool into its Tool Holder. 
Table 22: Description of the work instruction sets 
Work Instruction 
Set ID 
Number of work 
instructions 
Maximum words 
per work 
instruction 
Minimum word per 
wok instruction 
1 5 13 9 
2 1 4 4 
3 7 17 2 
4 4 18 4 
5 4 8 3 
6 1 5 5 
7 2 8 5 
8 9 25 9 
9 1 6 6 
10 4 7 5 
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Each of the four text comparison tools were used to assess similarity of all work 
instruction set pairs. Correlation of survey data to data from the text comparison tools is 
computed. The statistical significance of the difference between the correlation 
coefficients is calculated.  
To test the sensitivity of the text comparison methods to synonymy and polysemy 
of words, four mechanical engineers (with industry experience) were asked to write work 
instructions for a set of thirty solid models. Each participant was provided specific 
instructions to include handling operation instructions for all parts. An example assembly 
model is shown in Figure 30 and its corresponding work instructions are shown in Table 
23. All the solid models used in this survey and all the work instructions collected are 
presented in Appendix F. 
Table 23: Excerpt of survey data showing synonyms used in handling work 
instructions 
Participant ID Handling work instruction for solid model in Figure 30 
1 Get screw from bin 
2 Get screw from inventory box 
3 
Acquire Part ABC shown above in center picture and one 1 
M4x20 SHCS shown in picture to the right. 
4 Pick the screw 
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Figure 30: Example of an assembly for which work instructions were obtained 
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The handling operation instructions are similar to each other and some use 
synonyms (“Get”, “Acquire” and “Pick”). All these were input to the four text similarity 
comparison algorithms. The scores obtained from each text comparison method (for each 
solid model) was analyzed for its range. It is expected that the sensitivity of a method to 
synonyms and the range of scores will be inversely proportional. A less sensitive method 
will detect that the work instructions, despite synonym use, are more similar (as 
compared to a method which is more sensitive). This will lead to higher values of 
similarity and a smaller range of values. 
4.2 Results from Comparing Text Similarity Algorithm Results to Survey Results 
In this section, each method of assessing assembly work instruction similarity is 
compared to the results obtained from the survey. For each of the methods, the 
information is organized as follows: 
1. First, raw data obtained for each text comparison method is presented. 
2. Next, for each participant in the survey, average correlation coefficient 
between survey data and text comparison method data is presented. 
Hypothesis tests are conducted to verify if the results obtained from the four 
different text comparison methods are significantly different or not. Each participant 
provided similarity of forty-five assembly work instruction sets on a 0-100 scale and 
these scores have been normalized before further comparison. Each participant’s scores 
with compared to all other participant scores and assessed for correlation. Results from 
this comparison are presented in Table 24. 
Table 24: Correlation coefficients between survey participants 
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Partici
pant 
ID 
1 2 3 4 5 6 7 8 9 10 11 12 
1   0.89 0.79 0.75 0.80 0.92 0.88 0.84 0.58 0.90 0.85 0.60 
2 0.89   0.78 0.74 0.87 0.90 0.83 0.82 0.59 0.88 0.85 0.59 
3 0.79 0.78   0.79 0.86 0.83 0.73 0.87 0.59 0.82 0.84 0.74 
4 0.75 0.74 0.79   0.78 0.82 0.78 0.80 0.70 0.77 0.73 0.83 
5 0.80 0.87 0.86 0.78   0.91 0.82 0.81 0.64 0.87 0.82 0.64 
6 0.92 0.90 0.83 0.82 0.91   0.91 0.86 0.66 0.87 0.85 0.65 
7 0.88 0.83 0.73 0.78 0.82 0.91   0.76 0.64 0.89 0.77 0.67 
8 0.84 0.82 0.87 0.80 0.81 0.86 0.76   0.55 0.80 0.85 0.74 
9 0.58 0.59 0.59 0.70 0.64 0.66 0.64 0.55   0.58 0.52 0.62 
10 0.90 0.88 0.82 0.77 0.87 0.87 0.89 0.80 0.58   0.86 0.65 
11 0.85 0.85 0.84 0.73 0.82 0.85 0.77 0.85 0.52 0.86   0.69 
12 0.60 0.59 0.74 0.83 0.64 0.65 0.67 0.74 0.62 0.65 0.69   
Average 0.80 0.79 0.79 0.77 0.80 0.84 0.79 0.79 0.61 0.81 0.78 0.68 
 
The correlation values presented in Table 24 is a measure of agreement between 
the participants of the survey. Participants 9 and 12 had moderate agreement with respect 
to the scores assigned by other participants, which is implied by the moderately positive 
correlation values (> 0.50 and < 0.70) [88]. All other participants had high agreement 
with each other, implied by the high positive correlation values (> 0.70 and < 0.90) [88]. 
4.2.1 Word Overlap 
The Word Overlap method computes similarity based on intersection of words. 
Scores from this method are not bi-directional. This method performed 100 comparisons 
in 0.105 seconds. Data obtained from the Word Overlap method is shown in Table 25. 
Table 25: Raw data for Word Overlap method 
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Work 
instru
ction 
set ID 
WI 1 WI 2 WI 3 WI 4 WI 5 WI 6 WI 7 WI 8 WI 9 WI 10 
WI 1 0.73 0.20 0.15 0.24 0.27 0.33 0.47 0.12 0.14 0.27 
WI 2 0.02 1.00 0.04 0.08 0.08 0.17 0.20 0.02 0.14 0.08 
WI 3 0.17 0.60 0.66 0.24 0.23 0.17 0.27 0.11 0.14 0.23 
WI 4 0.15 0.60 0.13 0.87 0.15 0.17 0.20 0.08 0.14 0.15 
WI 5 0.12 0.40 0.09 0.11 0.96 0.17 0.20 0.06 0.14 0.27 
WI 6 0.03 0.20 0.01 0.03 0.04 1.00 0.13 0.01 0.00 0.08 
WI 7 0.12 0.60 0.06 0.08 0.12 0.33 0.93 0.05 0.14 0.35 
WI 8 0.28 0.60 0.22 0.29 0.31 0.33 0.47 0.64 0.14 0.35 
WI 9 0.02 0.20 0.01 0.03 0.04 0.00 0.07 0.01 1.00 0.04 
WI 10 0.12 0.40 0.09 0.11 0.27 0.33 0.60 0.06 0.14 0.81 
 
Table 26: Example set of work instructions and their Word Overlap Similarity 
Work 
Instruction 
Set ID 
Work Instruction Set 
Word Overlap 
Similarity with 
respect to Work 
Instruction Set ID 2 
2 010 Get parts and tool 1 
6 010 Get correct part from rack. 0.20 
7 
010 Get %%% tool from line side parts rack. 
020 Return Tool to line side. 
0.60 
 
Three work instruction sets and their corresponding Word Overlap Similarity 
scores is presented in Table 26. For each survey participant, the average correlation 
coefficient (over all work instruction set pairs) between scores from Word Overlap 
method and survey data is computed (see Table 27). 
Table 27: Average correlation coefficient between survey data and Word Overlap 
method scores 
Participant ID 
1 2 3 4 5 6 7 8 9 10 11 12 
0.77 0.77 0.67 0.70 0.73 0.76 0.79 0.66 0.56 0.82 0.64 0.50 
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The agreement between human interpretation of assembly work instruction 
similarity and assembly work instruction similarity computed by the Word Overlap 
method is indicated by the correlation values in Table 27. From this table it can be 
observed that for seven out of twelve participants, there was high agreement [88]  
between human interpretation and Word Overlap assembly work instruction similarity. In 
all other cases the agreement was moderate. 
4.2.2 Jaccard Method 
The Jaccard method also uses set operations to assess similarity of texts. While 
the Word Overlap method uses only intersection of sets, the Jaccard method uses 
intersection and union of sets to provide bidirectional text similarity scores. This method 
performed 100 comparisons in 0.106 seconds. Data obtained from the Jaccard method of 
text comparison is shown in Table 28.  
Table 28: Raw data for Jaccard method 
Work 
instructio
n set ID 
WI 1 WI 2 WI 3 WI 4 WI 5 WI 6 WI 7 WI 8 WI 9 
WI 
10 
WI 1 
 
0.02 0.13 0.13 0.11 0.04 0.14 0.14 0.02 0.12 
WI 2 0.02 
 
0.06 0.09 0.07 0.10 0.19 0.03 0.09 0.08 
WI 3 0.13 0.06 
 
0.13 0.09 0.02 0.07 0.12 0.02 0.10 
WI 4 0.13 0.09 0.13 
 
0.07 0.03 0.07 0.10 0.03 0.08 
WI 5 0.11 0.07 0.09 0.07 
 
0.03 0.08 0.07 0.03 0.18 
WI 6 0.04 0.10 0.02 0.03 0.03 
 
0.11 0.02 0.00 0.08 
WI 7 0.14 0.19 0.07 0.07 0.08 0.11 
 
0.07 0.05 0.35 
WI 8 0.14 0.03 0.12 0.10 0.07 0.02 0.07 
 
0.01 0.09 
WI 9 0.02 0.09 0.02 0.03 0.03 0.00 0.05 0.01 
 
0.04 
WI 10 0.12 0.08 0.10 0.08 0.18 0.08 0.35 0.09 0.04 
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Table 29: Example set of work instructions and their Jaccard Similarity 
Work 
Instruction 
Set ID 
Work Instruction Set 
Jaccard Similarity 
with respect to 
Work Instruction 
Set ID 2 
2 010 Get parts and tool 1 
6 010 Get correct part from rack. 0.10 
7 
010 Get %%% tool from line side parts rack. 
020 Return Tool to line side. 
0.19 
 
Three work instruction sets and their corresponding Jaccard Similarity scores is 
presented in Table 29. For each survey participant, the average correlation coefficient 
(over all work instruction set pairs) between scores from Jaccard method and survey data 
is computed (see Table 30). For nine out twelve participants, the agreement between 
computational data and survey data was high. In the three other cases, the agreement was 
moderate [88]. 
Table 30: Average correlation coefficient between survey data and Jaccard 
method scores 
Participant ID 
1 2 3 4 5 6 7 8 9 10 11 12 
0.83 0.81 0.74 0.74 0.81 0.84 0.87 0.71 0.63 0.88 0.67 0.55 
 
4.2.3 Term Frequency – Inverse Document Frequency 
This method of text comparison is reliant on the total number of documents 
available and the information content within each document. The computation of text 
similarity is more complex than the previous two methods. This method performed 100 
comparisons in 0.489 seconds. 
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Table 31: Raw data for TF-IDF method 
Work 
instruction 
set ID 
WI 1 WI 2 WI 3 WI 4 WI 5 WI 6 WI 7 WI 8 WI 9 
WI 
10 
WI 1 41.33 0.00 1.26 -0.44 2.96 1.26 2.75 5.18 0.00 2.28 
WI 2 0.00 1.14 0.29 0.29 0.18 0.18 0.00 0.29 0.00 0.00 
WI 3 1.26 0.29 60.42 1.10 1.12 0.29 0.35 5.20 0.00 1.12 
WI 4 -0.44 0.29 1.10 28.08 0.88 0.18 0.44 0.77 0.00 0.77 
WI 5 2.96 0.18 1.12 0.88 22.07 0.96 0.10 3.15 0.00 2.56 
WI 6 1.26 0.18 0.29 0.18 0.96 1.26 0.73 0.90 0.00 0.73 
WI 7 2.75 0.00 0.35 0.44 0.10 0.73 10.15 2.06 0.00 4.30 
WI 8 5.18 0.29 5.20 0.77 3.15 0.90 2.06 121.7 0.00 3.64 
WI 9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 8.91 0.00 
WI 10 2.28 0.00 1.12 0.77 2.56 0.73 4.30 3.64 0.00 20.61 
 
Table 32: Example set of work instructions and their TF-IDF Similarity 
Work 
Instruction 
Set ID 
Work Instruction Set 
Jaccard Similarity 
with respect to 
Work Instruction 
Set ID 2 
2 010 Get parts and tool 1.14 
6 010 Get correct part from rack. 0.18 
7 
010 Get %%% tool from line side parts rack. 
020 Return Tool to line side. 
0 
 
Three work instruction sets and their corresponding TF-IDF Similarity scores is 
presented in Table 32. For each survey participant, the average correlation coefficient 
(over all work instruction set pairs) between scores from TF-IDF method and survey data 
is computed. This data is presented in Table 33. The data from the TF-IDF method had 
high agreement with data from eight participants. The agreement between TF-IDF data 
and survey data from the four other participants was found to be moderate [88]. 
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Table 33: Average correlation coefficient between survey data and TF-IDF 
method scores 
Participant ID 
1 2 3 4 5 6 7 8 9 10 11 12 
0.80 0.78 0.70 0.71 0.78 0.82 0.84 0.69 0.57 0.85 0.67 0.52 
 
4.2.4 Latent Semantic Analysis 
The Latent Semantic Analysis method represents each text as a matrix and then 
performs singular value decomposition. This results in each text being represented as a 
vector in n-dimensional space. The similarity is measured as the cosine of the angle 
between the two vectors. An online LSA tool (http://lsa.colorado.edu/, accessed 
7/3/2015) took 1.023 seconds to perform 100 comparisons. The raw data is presented in 
Table 34.  
Table 34: Raw data for LSA method 
Work 
instruction 
set ID 
WI 1 WI 2 WI 3 WI 4 WI 5 WI 6 WI 7 WI 8 WI 9 
WI 
10 
WI 1 
 
0.32 0.32 0.44 0.57 0.26 0.57 0.45 0.19 0.28 
WI 2 0.32 
 
0.01 0.25 0.41 0.41 0.41 0.2 0.46 0.54 
WI 3 0.32 0.01 
 
0.26 0.35 0.1 0.16 0.38 0.07 0.07 
WI 4 0.44 0.25 0.26 
 
0.45 0.23 0.23 0.35 0.18 0.33 
WI 5 0.57 0.41 0.35 0.45 
 
0.33 0.24 0.34 0.18 0.28 
WI 6 0.26 0.41 0.1 0.23 0.33 
 
0.22 0.22 0.32 0.31 
WI 7 0.57 0.41 0.16 0.23 0.24 0.22 
 
0.32 0.33 0.31 
WI 8 0.45 0.2 0.38 0.35 0.34 0.22 0.32 
 
0.21 0.34 
WI 9 0.19 0.46 0.07 0.18 0.18 0.32 0.33 0.21 
 
0.83 
WI 10 0.28 0.54 0.07 0.33 0.28 0.31 0.31 0.34 0.83 
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Table 35: Example set of work instructions and their TF-IDF Similarity 
Work 
Instruction 
Set ID 
Work Instruction Set 
Jaccard Similarity 
with respect to 
Work Instruction 
Set ID 2 
2 010 Get parts and tool 1 
6 010 Get correct part from rack. 0.41 
7 
010 Get %%% tool from line side parts rack. 
020 Return Tool to line side. 
0.41 
 
Three work instruction sets and their corresponding TF-IDF Similarity scores is 
presented in Table 35. For each survey participant, the average correlation coefficient 
(over all work instruction set pairs) between scores from LSA method and survey data is 
computed. This data is presented in Table 36. 
Table 36: Average correlation coefficient between survey data and LSA 
method scores 
Participant ID 
1 2 3 4 5 6 7 8 9 10 11 12 
0.67 0.66 0.63 0.63 0.72 0.69 0.73 0.58 0.49 0.74 0.52 0.42 
 
The data from three participants had high agreement with respect to LSA data. In 
all other participant cases, the agreement between survey data and LSA data was 
moderate. Table 37 summarizes the correlation coefficients between the four methods of 
text comparison and survey data.  
Table 37: Summary of average and standard deviation of correlation coefficients 
between text comparison methods and survey data 
 LSA Word overlap Jaccard TF-IDF 
Average 0.62 0.69 0.75 0.72 
Standard Deviation 0.10 0.10 0.10 0.10 
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The statistical significance of the difference between the correlations of each 
computational method was assessed (details are presented in Appendix H). A summary of 
these results is presented in Table 38. It can be seen that the difference in correlation 
values of LSA and Jaccard was found to be significant. All other computational methods 
were found to be statistically equivalent. This implies that the assessment of assembly 
work instruction similarity by LSA and by Jaccard is significantly different, while all 
other computational methods assess assembly work instruction similarity in an 
comparable manner. 
Table 38: Summary of t Test results 
Algorithm Pair 
Are the average correlation 
coefficients statistically 
different? 
LSA and Word Overlap No 
LSA and Jaccard Yes 
LSA and TF-IDF No 
Word Overlap and Jaccard No 
Word Overlap and TF-IDF No 
Jaccard and TF-IDF No 
 
4.4 Sensitivity of text similarity methods to synonyms 
Similarity of handling work instructions (see Table 23), from four different 
authors, was evaluated for thirty solid models. A normalized range, for each solid model, 
was calculated to assess the sensitivity of each of the four text similarity methods to 
synonymy and polysemy of words. Normalization of ranges was conducted by two 
methods shown in Equation (8) and Equation (9).  
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Difference of scores
Normalized Range = 
Sum of scores
   (8) 
Difference of scores
Normalized Range = 
Average of scores
 (9) 
Three hypothesis tests were conducted to check if LSA was significantly less 
sensitive to synonyms than Word Overlap, Jaccard and TF-IDF text comparison methods. 
The null and alternative hypotheses for these tests are: 
Null hypothesis (Ho): The difference between the average ranges of the LSA and 
each text comparison method being compared is zero.  
Alternative hypothesis (Ha): The average range for LSA is lesser that of every 
other text comparison method. 
Since the alternative hypothesis checks if LSA ranges are significantly smaller 
than ranges from other text comparison methods, a one-tailed test is conducted. Table 39 
through Table 41 shows the results from these hypothesis tests. 
Table 39: Comparing sensitivity of LSA and Jaccard methods to synonyms 
 
LSA 
(normalized 
using (8)) 
Jaccard 
(normalized 
using (8)) 
LSA 
(normalized 
using (9)) 
Jaccard 
(normalized 
using (9)) 
Mean 0.905 0.980 2.289 3.326 
Variance 0.037 0.002 0.714 0.156 
Observations 120 120 120 120 
Hypothesized Mean 
Difference 
0 0 
df 132 169 
t Stat -4.145 -12.179 
P(T<=t) one-tail 3.02E-05 3.38E-25 
t Critical one-tail 1.657 1.654 
(t Stat) > (t Critical) No  Reject Ho No  Reject Ho 
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Table 40: Comparing sensitivity of LSA and Word Overlap methods to 
synonyms 
 
LSA 
(normalized 
using  (8)) 
Word 
Overlap 
(normalized 
using  (8)) 
LSA 
(normalized 
using (9)) 
Word 
Overlap 
(normalized 
using (9)) 
Mean 0.905 0.963 2.289 2.905 
Variance 0.037 0.008 0.714 0.315 
Observations 120 120 120 120 
Hypothesized Mean 
Difference 
0 0 
df 171 207 
t Stat -3.001 -6.650 
P(T<=t) one-tail 0.002 1.28E-10 
t Critical one-tail 1.654 1.652 
(t Stat) > (t Critical) No  Reject Ho No  Reject Ho 
 
Table 41: Comparing sensitivity of LSA and TF-IDF methods to synonyms 
 
LSA 
(normalized 
using  (8)) 
TF-IDF 
(normalized 
using  (8)) 
LSA 
(normalized 
using (9)) 
TF-IDF 
(normalized 
using (9)) 
Mean 0.905 0.528 2.289 4.454 
Variance 0.037 4.066 0.714 936.133 
Observations 120 120 120 120 
Hypothesized Mean 
Difference 
0 0 
df 121 119 
t Stat 2.041 -0.775 
P(T<=t) one-tail 0.022 0.220 
t Critical one-tail 1.658 1.658 
(t Stat) > (t Critical) Yes  Fail to reject Ho No  Reject Ho 
 
All participants from the survey rated an assembly work instruction set and itself 
to be identical. This indicates good intra-rater reliability. Four of the twelve participants 
showed moderate (> 0.50 and ≤ 0.70) positive correlation and the eight other participants 
showed strong (>0.70) positive correlation. This shows good inter-rater agreement.  
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While assessing the correlation coefficients of the four text comparison methods, 
it is found that there exists a significant difference between the coefficients of LSA and 
Jaccard methods. All other methods are statistically equivalent. With regards to Research 
Question 1, the Jaccard method shows better correlation to human interpretation of 
assembly work instruction similarity than the LSA method. In other words, the Jaccard 
method provides more accurate results than LSA. 
When comparing Word Overlap, Jaccard and TF-IDF methods to LSA for 
sensitivity to the use of synonyms (Research Question 2), it was found that LSA is least 
sensitive to synonyms in all cases but one. When TF-IDF scores are normalized using 
Equation (9), it is found that TF-IDF is less sensitive to use of synonyms as compared to 
LSA. However, when TF-IDF scores are normalized using Equation 9, it is found that 
LSA is less sensitive to the use of synonyms as compared to TF-IDF. Also, it must be 
noted that when these two methods are compared for their performance with respect to 
survey data, there is no significant difference found. The TF-IDF method of calculating 
text similarity is reliant on the database of assembly work instructions (see Table 20) 
[62]. Therefore, it is concluded that the LSA method of computing text similarity is best 
suited for comparison and retrieval of similar assembly work instruction sets from a 
database.  The LSA method [63] employed in this research must be implemented in a 
search system which takes input of an assembly work instruction set, and searches and 
retrieves from a database similar assembly work instruction sets. Table 42 shows query 
work instruction sets and the five most similar work instructions as computed using LSA. 
For this a database of 100 work instruction sets (from the automotive industry was used). 
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Confidential information has been replaced with “%%%%%” after LSA similarity has 
been computed. 
Table 42: Example of work instruction set retrieval using LSA scores 
(a) 
Query 
010 Read %%%%% Sheet to get correct part.  
020 Get%%%%% Screw.  
030 Align Clips to body holes and snap into position.  
040 Fasten with %%%%% Screw. 
LSA Score Work Instruction Sets Retrieved 
1 
010 Read %%%%% Sheet to get correct part.  
020 Get%%%%% Screw.  
030 Align Clips to body holes and snap into position.  
040 Fasten with %%%%% Screw. 
0.98 
010 Read %%%%% Sheet to get correct part.  
020 Get %%%%% Screw.  
030 Align Clips to body holes and snap into position.  
040 Fasten with %%%%% Screw. 
0.82 
010 Read %%%%% sheet for correct part.  
020 Retrieve parts  
030 Align Clips to holes in body  
040 Fix clips in body with hammer  
Q Ensure that all clips are secured 
0.81 
010 Read %%%%% sheet for correct part.  
020 Retrieve tools  
030 Align Clips to holes in body  
040 Fix clips in body with hammer  
Q Ensure that all clips are secured 
0.63 
010 Read broadcast sheet for %%%%%.  
020 Get correct center console bracket rear part 
 
(b) 
Query 010 walk to get part and return to car. 
LSA Score Work Instruction Sets Retrieved 
1 010 Walk to get part and return to car. 
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0.98 010 Walk to linside for part and return to car. 
0.95 
010 Walk to lineside to get part.  
090 Walk to car. 
0.93 010 Walk to get parts and return to car. 
0.93 
010 Walk to get part and return to car.  
020 Walk to get tool and return to car.  
030 Return tool. 
 
(c) 
Query 010 Go to lineside to get parts. 
LSA Score Work Instruction Sets Retrieved 
1 010 Go to lineside to get parts. 
0.72 010 Walk to get parts and return to car. 
0.64 010 Walk to get part and return to car. 
0.6 
010 Walk to get felt strip from lineside.  
020 Walk to car. 
0.37 010 Walk car to car reading information required for vehicle. 
 
A search system which retrieves and presents similar work instructions will allow 
process planners to compare their assembly process plan against those of other 
manufacturing locations and also against historical assembly process plans. This may 
enable: (1) improved communication within a globalized manufacturing enterprise, (2) 
continuous improvement of assembly processes, and (3) more efficient assembly process 
planning.  
With regards to Research Question 3: What decision support can be provided 
to foster continuous improvement of assembly process design? The Jaccard method of 
computing similarity can be used to assess consistency of terminology used within an 
assembly work instruction with respect to all other assembly work instructions from a 
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database. Jaccard method computes similarity between two sentences by dividing the 
number of common words by the total number of unique words (union of words divided 
by the intersection of words of two work instructions, see Equation (4)). In the survey 
where four participants were asked to author assembly work instructions for thirty solid 
models, the assembly work instructions authored by a participant are considered to 
illustrate the use of Jaccard to assess work instruction consistency. A summary of the 
relevant words used by this participant is presented in Table 43.  
Table 43: Summary of relevant words from assembly work instructions gathered 
from survey 
Word Word Count 
align 23 
and 39 
get 60 
obtain 0 
orient 0 
screw 20 
 
Two example assembly work instructions are compared to all the work 
instructions authored by this participant. These example assembly work instructions are 
presented in Table 44 along with their respective Jaccard scores. Assembly work 
instruction 1 contains ‘obtain’ and ‘orient’ which are not commonly used in the 
repository of work instructions that it is being compared against. This results in a low 
Jaccard score for assembly work instruction 1. Assembly work instruction 3 contains 
‘get’ and ‘align’ (synonyms of ‘obtain’ and ‘orient’) which are used sixty and twenty-
three more instances than ‘obtain’ and ‘orient’. This gives assembly work instruction 3 a 
high Jaccard score. 
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Table 44: Assembly work instructions and their related Jaccard scores 
ID Assembly Work Instruction Jaccard Score 
1 Obtain and orient screw 4.499 
2 Get and orient screw 9.352 
3 Get and align screw 11.016 
 
From this example and from the equation of Jaccard similarity (Equation (4)), it 
can be concluded that Jaccard similarity can be used as a measure of consistency in the 
terminology used within an assembly work instruction with respect to a repository of 
assembly work instructions.  
4.4 Closure 
In summary, methods to computationally assess assembly work instruction 
similarity have been investigated and their correlation with human interpretation of 
assembly work instruction similarity has been evaluated. A method to assess consistency 
of terminology used within assembly work instructions has been presented. These will 
allow for objective assessments of the correlation between assembly solid model 
similarity and assembly work instruction similarity. The causation and correlation 
between assembly solid models and assembly work instructions are discussed and 
evaluated in the next chapter. 
100 
 
 
Figure 31: Overview of dissertation – end of Chapter 4 
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CHAPTER 5: RETRIEVAL AND REUSE OF ASSEMBLY WORK INSTRUCTIONS 
Chapter Objectives: 
 Present overview of recommended method for computing solid model 
similarity and assembly work instruction 
 Discuss survey conducted to determine correlation between solid model 
similarity and assembly work instructions 
 Present the proposed use of solid model similarity to mine databases for 
retrieval assembly work instructions 
 
The objective of this research is to couple product and process design. The 
proposed method of relating the assembly process design and product design is to use 
assembly solid model similarity to retrieve assembly work instructions from a database 
and it is important to understand the causality and the correlation between them. In 
Chapters Three and Four, methods of computing assembly solid model similarity and 
assembly work instruction similarity have been presented. The recommended methods of 
computing assembly solid model similarity and assembly work instruction similarity have 
been used to assess the correlation between them (solid models and assembly work 
instructions). It is understood that not all assembly work instructions are related to the 
related parts’ geometry, some work instructions are resultants of the assembly plant 
layout. For example, “Walk to bin on the left side of the line”, or “Bend to pick up part 
from lower rack” – these are assembly work instructions which are caused by the layout 
of a specific plant. However, assembly work instructions such as “Insert three clips”, 
“Align bracket to holes” or “Hand start screw” – are work instructions which are related 
to the geometries of two (or more) parts which are being assembled. The objective is to 
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test this hypothesis and determine the correlation between such assembly work 
instructions and solid model geometries. The next section discusses the methods of solid 
models similarity and assembly work instruction similarity used to perform all 
subsequent tests. 
5.1 Overview of recommended methods to compute assembly solid model 
similarity and assembly work instruction similarity 
The testing presented in Chapter Three showed that the D1 method of calculating 
solid model similarity had best correlation with respect to human interpretation of solid 
model similarity. The method to obtain solid model similarity scores using D1 is outlined 
in Figure 32. 
The D1 method satisfied all but one requirement defined for an ideal solid model 
similarity computation method. The D1 algorithm is probabilistic, whereas the ideal solid 
model similarity algorithm is deterministic. Testing has shown that solid model similarity 
based ranking repeatability of D1 is acceptable with an average rank correlation 
coefficient between two ranked lists generated by the D1 method is 0.999 (see Table 19). 
With an acceptable repeatability validated and all other requirements met, the D1 
algorithm will be used to obtain solid model similarity. 
For assembly work instruction similarity, correlation of Latent Semantic Analysis 
(LSA) scores [64] to human interpretation of assembly work instruction similarity was 
found to be moderately high [88] and it’s sensitivity to the use of synonyms was found to 
be the least. For these reasons, LSA will be used to compute assembly work instruction 
similarity. By using D1 method for solid model similarity and LSA for assembly work 
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instruction similarity, correlation between product geometries and assembly process 
design was tested. A survey to gather assembly work instructions for a thirty assembly 
solid models was conducted. Correlations between the similarity of these solid models 
and the work instructions authored for them are computed. The survey conducted to 
gather assembly work instructions for solid models is presented in the following section.  
 
Figure 32: Method to obtain solid model similarity using D1 
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5.2 Survey to analyze product-process correlations 
The objective is to assess the correlation between assembly solid models and 
assembly work instructions. Specifically, assembly work instructions which are not 
related to plant layout are considered since their causality with assembly solid models is 
strong. The survey was designed to be part specific and not plant specific. A survey was 
conducted where four participants were shown thirty assembly solid models and 
participants were asked to author assembly work instructions for each. A snippet of this 
survey is shown in Figure 35. Each of the four participants has had experience with 
assembly process planning and was also provided with brief training (see Figure 33) and 
example assembly work instructions (see Figure 34) from industry to ensure that 
expectations were communicated clearly. 
 
Figure 33: Training provided to participants prior to start of survey 
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Figure 34: Example assembly work instructions shown to participants before 
beginning the survey 
 
Figure 35: Snippet of the survey to get assembly work instructions 
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With the training, the example assembly work instructions and only the solid 
model information being presented to the participants, it was assumed that they will not 
author assembly work instructions which are related to plant layouts. There are thirty 
solid models presented to participants of which twenty-six are unique. The four repeated 
assembly solid models are used to ensure intra-rater reliability and it was found that all 
four participants had absolute intra-rater reliability. A summary of this survey is 
presented in Table 45. 
Table 45: Summary of survey to gather assembly work instructions 
Number of assembly solid models 30 
Number of participants 4 
Complexity Score* 7.36 
Number of components per solid model 2, 3, 4 
Time limit None 
Training 
Yes (see Figure 33 and Figure 
34) 
*Complexity Score = Average complexity/complexity of sphere 
5.3 Data analysis and results 
The survey was completed by four participants and each participant provided 
assembly work instructions for thirty assembly models. This survey provided 120 
assembly work instructions for thirty solid models with which statistical tests could be 
performed. The data collected was divided into four cases and analyzed to understand the 
correlation between assembly solid models and assembly work instructions. For the first 
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case, each participant’s responses for a given solid model are assessed. In the second 
case, responses from pairs of different participants for a given solid model are assessed 
for similarity. In the third case, the correlation between trends of solid model similarity 
and assembly work instruction similarity (for all thirty solid models) are analyzed for 
each participant. In the fourth case, correlations across participants for solid models of 
varying levels of similarity are assessed. These four cases are summarized in Table 46. 
 
Figure 36: Case 2 – Comparing work instructions from different authors for 
identical solid models 
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Figure 37: Case 3 – Comparing work instructions for different solid models by the 
same author 
 
Figure 38: Case 4 – Comparing work instructions for different solid models by the 
different authors 
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Table 46: Summary of four cases for data analysis 
                       Solid Models 
 
Work instruction 
authors 
Same Similar 
Same Case 1 Case 3 
Different Case 2 Case 4 
 
In Case 1, the work instructions authored by a participant for a given solid model 
are analyzed. There are thirty solid models for which work instructions had to be 
authored, and of these thirty, twenty-six were unique solid models. This left four 
instances where a participant was required to author work instructions for a solid model 
twice. The responses to these four instances of repeated solid models were used to 
analyze intra-rater reliability, as mentioned previously. The analyses conducted for the 
remaining three cases are presented in subsequent sections. 
5.3.1 Comparing solid model work instructions from different authors 
For this case, assembly work instructions authored by different participants for a 
given assembly solid model was analyzed for similarity (see Table 47). It is hypothesized 
that assembly work instructions, from different authors, for identical solid models will 
have a high degree of similarity. A LSA similarity score of 0.6 was determined to be 
sufficiently high based on information presented by Dennis and colleagues [89]. 
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Table 47: Summary of data analysis cases – Case 2 
                       Solid Models 
 
Work instruction 
authors 
Same Similar 
Same Case 1 Case 3 
Different Case 2 Case 4 
 
 
Figure 39: Example assembly work instructions authored by four survey 
participants for a given solid model 
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Example assembly work instructions authored by four survey participants for a 
solid model are presented in Figure 39. A statistical t-test [87] was conducted to assess 
significance of the similarity scores obtained when these assembly work instructions are 
compared with each other. The null and alternative hypotheses for this test are presented 
below. 
Null hypothesis (Ho): For a solid model, average LSA similarity between 
assembly work instructions authored by different participants is less than 0.6 (µ - 
0.6 < 0) 
Alternative hypothesis (Ha): For a solid model, average LSA similarity between 
assembly work instructions authored by different participants is greater than 0.6 
(µ - 0.6 > 0) 
The nature of the null and alternative hypotheses warrants a one-sided t-test and 
the level of significance chosen for this test is 0.1. LSA similarity scores of the assembly 
work instructions presented in Figure 39 are shown in Table 48 and the related statistics 
are presented in Table 49. In the case of this solid model, based on the p-value obtained, 
the null hypothesis can be rejected. It is observed that there is sufficient evidence to 
suggest that the average LSA similarity between assembly work instructions authored by 
different participants is not less than 0.6. Similar t-tests were conducted for the twenty-
nine other solid models and it was found that for twenty-one solid models the average 
LSA similarity score was found to be significantly greater than 0.6.  
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Table 48: LSA similarity scores between work instructions presented in Figure 39 
LSA 
scores 
WIauthor1 WIauthor2 WIauthor3 WIauthor4 
WIauthor1 1    
WIauthor2 0.82 1   
WIauthor3 0.64 0.72 1  
WIauthor4 0.63 0.63 0.8 1 
 
Table 49: Statistics related to LSA similarity scores presented in Table 48 
Average 0.706 
Standard Deviation 0.087 
Hypothesized Average 0.600 
t-score 2.449 
p-value 0.046 
Conclusion Reject null hypothesis 
 
Table 50: Summary statistics for all solid models 
Solid 
Model 
ID 
Average 
Standard 
Deviation 
t-score p-value Significant? 
1 0.707 0.087 2.449 0.046 Yes 
2 0.725 0.088 2.825 0.033 Yes 
3 0.703 0.101 2.044 0.067 Yes 
4 0.678 0.130 1.210 0.157 No 
5 0.687 0.110 1.575 0.107 No 
6 0.663 0.112 1.127 0.171 No 
7 0.700 0.140 1.430 0.124 No 
8 0.707 0.098 2.174 0.059 Yes 
9 0.620 0.162 0.247 0.411 No 
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Solid 
Model 
ID 
Average 
Standard 
Deviation 
t-score p-value Significant? 
10 0.688 0.147 1.198 0.158 No 
11 0.775 0.095 3.683 0.017 Yes 
12 0.730 0.098 2.659 0.038 Yes 
13 0.683 0.159 1.051 0.185 No 
14 0.667 0.154 0.865 0.225 No 
15 0.715 0.117 1.959 0.073 Yes 
16 0.712 0.122 1.830 0.082 Yes 
17 0.715 0.106 2.167 0.059 Yes 
18 0.743 0.072 3.980 0.014 Yes 
19 0.778 0.105 3.404 0.021 Yes 
20 0.803 0.090 4.506 0.010 Yes 
21 0.847 0.069 7.191 0.003 Yes 
22 0.723 0.088 2.795 0.034 Yes 
23 0.728 0.118 2.180 0.059 Yes 
24 0.735 0.093 2.913 0.031 Yes 
25 0.783 0.112 3.279 0.023 Yes 
26 0.752 0.098 3.100 0.027 Yes 
27 0.693 0.136 1.374 0.132 No 
28 0.778 0.075 4.726 0.009 Yes 
29 0.765 0.116 2.843 0.033 Yes 
30 0.753 0.080 3.849 0.015 Yes 
 
A summary of the statistical analysis for all thirty solid models is presented in 
Table 50 and the complete analysis for each solid model is presented in Appendix G. Of 
the nine instances where LSA similarity was less than 0.6, eight were found to be 
significantly greater than 0.54 and one was found to be significantly greater than 0.48. 
Although these nine instances did not meet the criterion (0.6), the order of magnitude of 
the difference between the highest significant average and the criterion was found to be 
10
-2
. From these results it can be concluded that identical solid models will yield 
assembly work instructions of a high degree of similarity from different authors. 
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5.3.2 Comparing work instructions from individual authors 
In Case 3, the correlation between solid model similarity and assembly work 
instruction similarity (for each survey participant) is assessed (see Table 51). The scores 
of assembly work instruction similarity and solid model similarity are expected to be 
positively correlated. This implies that as solid model similarity reduces, assembly work 
instruction similarity must also reduce, and vice-versa. Two examples of solid models 
pairs and their related assembly work instructions are presented in Table 52. 
Table 51: Summary of data analysis cases – Case 3 
                       Solid Models 
 
Work instruction 
authors 
Same Similar 
Same Case 1 Case 3 
Different Case 2 Case 4 
 
Table 52: Examples of solid model pairs and their assembly work instructions 
(a) 
Assembly Solid Models 
Assembly work 
instructions (Participant 
1) 
Solid 
model 
similarity 
(D1) 
Work 
instruction 
similarity 
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Assembly Solid Models 
Assembly work 
instructions (Participant 
1) 
Solid 
model 
similarity 
(D1) 
Work 
instruction 
similarity 
 
Get screw from bin 
Align screw to hole in 
housing 
insert screw into hole in 
housing 
Ensure screw is seated 
properly 
0.4329 1 
 
Get screw from bin 
Align screw to hole in 
housing 
insert screw into hole in 
housing 
Ensure screw is seated 
properly 
 
(b) 
Assembly Solid Models 
Assembly work 
instructions 
(Participant 1) 
Solid 
model 
similarity 
Work 
instruction 
similarity 
 
Get screw from bin 
Align screw to hole in 
housing 
Insert screw into hole in 
housing 
Ensure screw is seated 
properly 
0.2139 0.67 
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Assembly Solid Models 
Assembly work 
instructions 
(Participant 1) 
Solid 
model 
similarity 
Work 
instruction 
similarity 
 
Get pin 
Get body 
Insert pin into bottom 
holes 
Ensure head of pin 
touches the body 
 
A statistical t-test was conducted to assess the correlation between assembly solid 
model similarity and assembly work instruction similarity. Correlation coefficient, r, in 
the range 0.5 and 0.7 indicates moderate positive correlation [88]. Based on this, the null 
and alternative hypotheses for these tests are stated below. 
Null hypothesis (Ho): For each survey participant, the correlation (r) between 
solid model similarity and assembly work instruction similarity is lesser than 0.5 
(r - 0.5 < 0). 
Alternative hypothesis (Ha): For each survey participant, the correlation (r) 
between solid model similarity and assembly work instruction similarity is greater 
than 0.5 (r - 0.5 > 0). 
Since the alternative hypothesis tests if the correlation coefficient is greater than 
0.5, a one-tailed test is conducted and the level of significance used is 0.1. The 
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correlation coefficient between solid model similarity and assembly work instruction 
similarity for Participant 1, for all twenty-six solid models, is presented in Table 53. The 
statistics related to this is presented in Table 54. Data for all participants is presented in 
Appendix H and a summary of is presented in Table 55. 
Table 53: Participant 1 – correlation between solid model similarity and assembly 
work instruction similarity 
Solid Model ID 
Correlation between solid model similarity and 
assembly work instruction similarity 
SM1 0.5438 
SM2 0.6679 
SM3 0.6907 
SM4 0.7418 
SM5 0.7267 
SM6 0.6565 
SM7 0.6425 
SM8 0.8359 
SM9 0.5646 
SM10 0.6735 
SM11 0.7731 
SM12 0.2470 
SM13 0.4195 
SM14 0.5765 
SM15 0.3915 
SM16 0.8394 
SM17 0.7633 
SM18 0.8260 
SM19 0.6351 
SM20 0.6236 
SM21 0.6789 
SM22 0.7764 
SM23 0.9442 
SM24 0.9926 
SM25 0.8076 
SM26 0.9710 
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Table 54: Statistics for data presented in Table 53 
Average 0.6927 
Median 0.6848 
Standard Deviation 0.1738 
t-value 5.6541 
p-value 3.4670E-06 
Conclusion Reject Null Hypothesis  r > 0.5 
 
Table 55: Statistical test summary for Case3 for all participants 
Partic
ipant 
ID 
Average Median 
Standard 
Deviation 
t-value p-value Conclusion 
1 0.6927 0.6848 0.1738 5.6541 3.4670E-06 Reject Ho 
2 0.6903 0.6903 0.1446 6.7101 2.4745E-07 Reject Ho 
3 0.6116 0.6281 0.1905 2.9875 0.0031 Reject Ho 
4 0.4856 0.4092 0.2634 -0.2793 0.3913 
Fail to reject 
Ho 
 
From the data presented in Table 55 it can be seen that three out of the four 
survey participants authored assembly work instructions whose similarity correlated to 
solid model similarity with correlation coefficient significantly greater than 0.5. The 
mean and median of indicates that the data from Participant 4 had positive skew [87]. 
This implies that the true correlation coefficient for Participant 4, after removal of 
outliers will be lesser than 0.4856. Considering Participant 4 as an outlier, it can be 
concluded that for a given author, solid model similarity and assembly work instruction 
similarity share a moderately positive correlation. 
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5.3.3 Comparing work instructions for different solid models from different 
authors 
 For Case 4, assembly work instructions for two different solid models, authored 
by different survey participants are compared for similarity (see Table 56). The work 
instruction similarity is then compared to solid model similarity for correlation. If this 
analysis shows a positive correlation, then it can be concluded that irrespective of 
assembly work instruction author, solid model similarity is positively correlated to 
assembly work instruction similarity. 
Table 56: Summary of data analysis cases – Case 4 
                       Solid Models 
 
Work instruction 
authors 
Same Similar 
Same Case 1 Case 3 
Different Case 2 Case 4 
 
Table 57: Example data for Case 4 
Solid Model 
Work Instructions Solid 
Model 
Similarity 
Work 
Instruction 
Similarity 
Text 
Participant 
ID 
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Solid Model 
Work Instructions Solid 
Model 
Similarity 
Work 
Instruction 
Similarity 
Text 
Participant 
ID 
 
Get screw from bin 
Align screw to hole 
in housing 
Insert screw into 
hole in housing 
Ensure screw is 
seated properly 
1 
1 0.81 
 
Get case from 
inventory box 
Orient the case 
such that the inner 
cylinder fitting the 
head of the screw 
is on top 
Get screw from 
storage box 
Screw into the case 
in downward 
direction 
2 
 
The data is analyzed by computing similarity of assembly work instructions of 
pairs of survey participants and comparing this to solid model similarity. In Table 58, 
assembly work instruction similarity data for all participant pairs across twenty-six solid 
models is presented and solid model similarity scores are grouped together in bins of size 
0.2. The correlation between assembly work instruction similarity and solid model 
similarity is computed for all participant pairs (see Table 59). 
Table 58: Assembly work instruction similarity for all participant pairs 
(a) Participant 1 and 2 
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Solid Model Similarity bins Assembly work instruction 
similarity 
0-0.2 0.768 
0.2-0.4 0.768 
0.4-0.6 0.755 
0.6-0.8 0.764 
0.8-1 0.802 
 
 
(b) Participants 1 and 3 
Solid Model Similarity bins Assembly work instruction 
similarity 
0-0.2 0.585 
0.2-0.4 0.607 
0.4-0.6 0.603 
0.6-0.8 0.661 
0.8-1 0.629 
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(c) Participants 1 and 4 
Solid Model Similarity bins Assembly work instruction 
similarity 
0-0.2 0.587 
0.2-0.4 0.607 
0.4-0.6 0.563 
0.6-0.8 0.628 
0.8-1 0.626 
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(d) Participants 2 and 3 
Solid Model Similarity bins Assembly work instruction 
similarity 
0-0.2 0.666 
0.2-0.4 0.708 
0.4-0.6 0.696 
0.6-0.8 0.733 
0.8-1 0.718 
 
 
(e) Participants 2 and 4 
Solid Model Similarity bins Assembly work instruction 
similarity 
0-0.2 0.656 
0.2-0.4 0.694 
0.4-0.6 0.655 
0.6-0.8 0.702 
0.8-1 0.705 
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(f) Participants 3 and 4 
Solid Model Similarity bins Assembly work instruction 
similarity 
0-0.2 0.851 
0.2-0.4 0.868 
0.4-0.6 0.855 
0.6-0.8 0.862 
0.8-1 0.873 
 
 
125 
 
Table 59: Correlation between assembly work instruction similarity and solid model 
similarity for all participant pairs 
Participant Pairs Correlation between solid 
model similarity and assembly 
work instruction similarity 
1-2 0.563 
1-3 0.769 
1-4 0.566 
2-3 0.811 
2-4 0.681 
3-4 0.672 
 
Figure 40: Correlation between solid model similarity and assembly work 
instruction similarity for all participant pairs 
From the data presented in Table 59 and Figure 40, it can be observed that the 
correlation between assembly work instruction similarity and solid model similarity is at 
least 0.563, indicating moderately positive correlation. A summary of the results obtained 
(across all cases) is presented in Table 60. Significantly positive correlations have been 
observed between solid model similarity and assembly work instruction similarity (in the 
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three cases highlighted in green in Table 60) and causation between solid models and 
assembly work instructions has been established. Based on this, it can be concluded that 
solid model similarity can be used to mine databases for assembly process information 
and retrieve assembly work instructions. These results answer Research Question 4: 
What is the correlation between assembly work instructions and the related assembly 
solid model geometry? Examples of assembly work instruction retrieval based on solid 
model similarity are presented in the next section. Concluding remarks and future 
research opportunities are also presented in the next chapter (see Figure 44). 
Table 60: Summary of results 
                       Solid Models 
 
Work instruction 
authors 
Same Similar 
Same Case 1 
Case 3 
(Moderately positive 
correlation between 
solid model similarity 
and work instruction 
similarity) 
Different 
Case 2 
(Average work instruction 
similarity > 0.6) 
Case 4 
(Moderately positive 
correlation between 
solid model similarity 
and work instruction 
similarity) 
 
5.4 Example of assembly work instruction retrieval based on solid model similarity 
A nut and bolt assembly shown in Figure 41 is the query solid model and is 
compared to the database solid models (see Figure 42) for similarity and the latter are 
rearranged based on their similarity to the query model (see Figure 43). The assembly 
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work instructions for the most similar solid models are retrieved (manually) and these 
will be presented as suggested assembly work instructions for the query solid model (see 
Table 61). 
 
Figure 41: Query assembly solid model 
 
Figure 42: Database assembly solid models (unordered)  
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Figure 43: Rank-ordered database assembly solid models  
As the database increases in size, the probability of getting false positives 
increases. This probability is related to the correlation between survey results, presented 
in Chapter 3, and the results from the D1 method of computing solid model similarity. 
Other examples of retrieval of assembly work instructions are provided in Appendix J. 
Table 61: Retrieved assembly work instructions for most similar database solid 
models 
(a) 
Database Model 1 
Get nut from rack 
 
Get bolt 
Align the two 
Handstart nut onto bolt only halfway 
(b) 
Database Model 2 
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Get nut from rack 
 
Align nut and bolt 
Handstart nut onto bolt (only halfway) 
 
(c) 
Database Model 3 
Get nut from rack 
 
Handstart nut onto bolt 
Ensure nut touches head of bolt 
 
(d) 
Database Model 4 
Get nut 
 
Get bolt 
Align nut and bolt 
Push nut onto bolt such that nut touches head of 
bolt 
 
The choice of which assembly work instruction to proceed with is left to the 
discretion of the user. Once a suggested assembly work instruction set is chosen, it can be 
modified to better suit the solid model under consideration. During this modification, 
Jaccard score for the work instruction set can be provided as a metric to compare the 
consistency of the work instruction being modified with respect to all other assembly 
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work instructions in the database (see Table 44). In addition to the development of an 
interface to communicate Jaccard scores to user, other future research opportunities are 
discussed in the following section. 
 
 
Figure 44: Overview of dissertation – end of Chapter 5 
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK 
Chapter Objectives: 
 Present examples of assembly work instruction retrieval 
 Discuss the contributions of this research 
 Present topical areas for future research 
 
The objective of this research is to reduce the barriers between product design and 
manufacturing process design by using solid model similarity to retrieve assembly work 
instructions. Decisions made in the product design phase may not be feasible from an 
assembly process perspective and the goal of this research is to couple product design and 
assembly process design knowledge to enable frontloading [90] of issue resolution. The 
approach used to achieve this objective is to link product design and assembly process 
design by mining databases of assembly process information based on solid model 
similarity. Surveys were conducted to gather human interpretation of assembly solid 
model similarity, human interpretation of assembly work instruction similarity and to 
obtain assembly work instructions for given assembly solid models. The results from 
these surveys were used to compare computational approaches of computing assembly 
solid model similarity, computational approaches to compute assembly work instruction 
similarity and to assess the correlation between assembly solid model similarity and 
assembly work instruction similarity. From the tests conducted the following conclusions 
for each research question were drawn: 
Research Question 1: What solid model information can be used to compute solid 
model similarity from the perspective of assembly processes? 
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Answer: Solid model similarity obtained by comparing tessellation area frequency 
distributions of two solid models shows weak correlation to human interpretation of 
solid model similarity. Instead, the D1 method of comparing solid models (using 
assembly model and component model similarity) can be used to obtain solid model 
similarity.  
 
Research Question 2: How can differences in solid models be identified? 
Answer: Highlighting tessellations with different areas can indicate differences 
between solid models and this approach can be employed on software-neutral 
formats (such as STL). 
 
Research Question 3: What decision support can be provided to foster continuous 
improvement of assembly process design? 
Answer: The Jaccard method of computing similarity between assembly work 
instructions is an indicator of consistency in terminology used between two 
assembly work instructions. Using the Jaccard method of comparing assembly work 
instructions will allow for engineers to improve consistency in the language used 
while authoring assembly work instructions. 
 
Research Question 4: What is the correlation between assembly work instructions 
and the related assembly solid model geometry? 
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Conclusion: The correlation between assembly solid models and work instructions 
is significantly positive. However, these work instructions are limited to those 
which pertain to aligning of components and mating of components. 
 
Research Question 4.1: What methods of text similarity measurement 
provide the most accurate results while comparing assembly work 
instructions? 
Research Question 4.2: How do text similarity measurement methods 
vary in terms of their sensitivity to synonymy of words used in assembly 
work instructions? 
Answer: Latent Semantic Analysis (LSA) has highest correlation to 
human interpretation of assembly work instruction similarity and is also 
least sensitive to the usage of synonyms. 
Assembly solid model similarity (using D1 method for assembly and constituent 
components) can be used to search databases of similar assembly solid models and 
retrieve similar assembly work instructions and this has been demonstrated (see Figure 
41, Table 61 and Appendix J) 
6.2 Future research paths 
The correlation and causation between assembly solid models and assembly work 
instructions has been validated in this research. A software tool which uses information 
from Product Data Management (PDM) systems, D1 algorithm to compute (component 
and assembly) solid model similarity and Jaccard to compute consistency between 
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assembly work instructions must be developed. Additionally, this software tool can use 
previous research [18,19,30,45,48] to derive assembly time estimations and ergonomic 
evaluations from the retrieved assembly work intructions. Other future research 
opportunities are discussed in the following sections. 
6.2.1 Solid model similarity for fixture design 
Fixtures are hardware which are used to hold components which they are being 
manufactured, assembled or while checks are being performed [91]. Fixture design is 
reported to account for anywhere between ten and twenty percent of the total 
manufacturing system costs [92]. Computer-Aided Fixture Design (CAFD) is a growing 
field of research and is identified as an important link between product design and 
manufacturing process design. The use of feature recognition to obtain similarity between 
solid models and their fixtures has been researched [91,93,94]. There exists opportunity 
to employ the use of solid model similarity techniques investigated in this research, to 
identifying similar solid models and providing decision support during fixture design. It 
is hypothesized that information beyond solid model similarity will be required for 
CAFD. For instance, there might be two components with identical geometries but made 
of different materials. Depending on the hardness of the two materials, fixtures might 
have to be designed differently. 
6.2.1 Solid model similarity for Failure Modes Effect and Analysis 
The use of solid model similarity to identify failure modes such as wear between 
two components (by rubbing) and noise (when one component impacts another) must be 
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researched. The use of solid model similarity to identify failure causes (such as 
insufficient clipping force and insufficient clipping points) must also be researched. 
These quality concerns are functions of several variables, such as component geometries, 
materials, assembly processes and worker errors. Care must be taken to ensure that 
decision support (to identify quality concerns) by the use of solid model similarity is 
investigated for causation and correlation. 
Beyond product-process coupling, shape similarity and text similarity can also be 
used to identify candidates for bio-inspired design. These techniques can be used to crawl 
data on webpages and cluster similar bio-process and bio-products [95] for later reuse by 
product and process engineers. 
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Appendix A. The A3 Method’s Sensitivity to Scale 
Three sets of cuboids were analyzed by the A3 algorithm. Each set consisted of 
three cuboids with the following length-width-depth ratios - 1:1:1, 1:1:5, 5:5:1. The 
models from the first set were constructed using 10mm side length and each of the 
aforementioned ratios. The models from the second and third set were constructed using 
50mm and 100mm side length and the aforementioned ratios. 
Models for testing A3 sensitivity 
  Length (mm) Width (mm) Depth (mm) 
Set 1 
Cuboid 1.1 10 10 10 
Cuboid 1.2 10 10 50 
Cuboid 1.3 50 50 10 
Set 2 
Cuboid 2.1 50 50 50 
Cuboid 2.2 50 50 250 
Cuboid 2.3 250 250 50 
Set 3 
Cuboid 3.1 100 100 100 
Cuboid 3.2 100 100 500 
Cuboid 3.3 500 500 100 
 
It is expected that the A3 algorithm will differentiate between cuboids within a 
set. However, it is also expected that the A3 algorithms will not differentiate between 
scaled up versions of each cuboid. For instance, A3 should differentiate between Cuboid 
1.1, Cuboid 1.2 and Cuboid 1.3, but should find no difference between Cuboid 1.1, 
Cuboid 2.1 and Cuboid 3.1. When these test models were input to the A3 algorithm and 
the results color coded, it was found that the performance of the A3 algorithm met all 
expectations. This can be seen in Figure 45 where darker colors imply higher similarity 
and lighter colors imply lower similarity.  
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Figure 45: Results from testing for A3’s sensitivity to scale 
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Appendix B. First Survey 
http://people.clemson.edu/~rrenu/survey2/intro.php 
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Appendix C. Solid Models used in Second Survey 
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Appendix D. Benchmark Website Screenshots 
 
 
164 
 
 
165 
 
 
166 
 
 
167 
 
 
168 
 
 
 
  
169 
 
Appendix E. Scores Assigned by Users in Solid Model Similarity Survey 
UID Question 
ID 
Option 
ID 
Score 
680 1 1 1 
1867 1 1 1 
1914 1 1 2 
2845 1 1 1 
3030 1 1 1 
3175 1 1 1 
4494 1 1 2 
5280 1 1 1 
5588 1 1 1 
6837 1 1 2 
7119 1 1 2 
7689 1 1 1 
680 1 2 5 
1867 1 2 5 
1914 1 2 5 
2845 1 2 5 
3030 1 2 4 
3175 1 2 3 
4494 1 2 5 
5280 1 2 4 
5588 1 2 4 
6837 1 2 5 
7119 1 2 5 
7689 1 2 4 
680 1 3 1 
1867 1 3 1 
1914 1 3 2 
2845 1 3 2 
UID Question 
ID 
Option 
ID 
Score 
3030 1 3 2 
3175 1 3 1 
4494 1 3 2 
5280 1 3 1 
5588 1 3 2 
6837 1 3 2 
7119 1 3 2 
7689 1 3 1 
680 1 4 5 
1867 1 4 4 
1914 1 4 5 
2845 1 4 5 
3030 1 4 4 
3175 1 4 3 
4494 1 4 5 
5280 1 4 4 
5588 1 4 5 
6837 1 4 5 
7119 1 4 4 
7689 1 4 5 
680 1 5 1 
1867 1 5 1 
1914 1 5 2 
2845 1 5 1 
3030 1 5 1 
3175 1 5 1 
4494 1 5 4 
5280 1 5 1 
170 
 
UID Question 
ID 
Option 
ID 
Score 
5588 1 5 1 
6837 1 5 2 
7119 1 5 2 
7689 1 5 1 
680 2 1 4 
1867 2 1 1 
1867 2 1 1 
1914 2 1 2 
2845 2 1 3 
3030 2 1 3 
3175 2 1 1 
4494 2 1 4 
5280 2 1 2 
5588 2 1 4 
6837 2 1 3 
7119 2 1 2 
680 2 2 3 
1867 2 2 4 
1867 2 2 4 
1914 2 2 5 
2845 2 2 5 
3030 2 2 4 
3175 2 2 4 
4494 2 2 5 
5280 2 2 4 
5588 2 2 4 
6837 2 2 5 
7119 2 2 5 
680 2 3 5 
1867 2 3 5 
UID Question 
ID 
Option 
ID 
Score 
1867 2 3 5 
1914 2 3 5 
2845 2 3 5 
3030 2 3 5 
3175 2 3 5 
4494 2 3 5 
5280 2 3 5 
5588 2 3 5 
6837 2 3 5 
7119 2 3 5 
680 2 4 1 
1867 2 4 1 
1867 2 4 1 
1914 2 4 1 
2845 2 4 2 
3030 2 4 2 
3175 2 4 1 
4494 2 4 2 
5280 2 4 1 
5588 2 4 1 
6837 2 4 2 
7119 2 4 2 
680 2 5 1 
1867 2 5 1 
1867 2 5 1 
1914 2 5 1 
2845 2 5 2 
3030 2 5 2 
3175 2 5 1 
4494 2 5 2 
171 
 
UID Question 
ID 
Option 
ID 
Score 
5280 2 5 1 
5588 2 5 1 
6837 2 5 2 
7119 2 5 2 
680 3 1 1 
1867 3 1 1 
1867 3 1 1 
1914 3 1 1 
2845 3 1 2 
3030 3 1 2 
3175 3 1 1 
4494 3 1 2 
5280 3 1 1 
5588 3 1 1 
6837 3 1 2 
7119 3 1 1 
680 3 2 1 
1867 3 2 1 
1867 3 2 1 
1914 3 2 1 
2845 3 2 2 
3030 3 2 3 
3175 3 2 1 
4494 3 2 2 
5280 3 2 1 
5588 3 2 1 
6837 3 2 2 
7119 3 2 1 
680 3 3 5 
1867 3 3 5 
UID Question 
ID 
Option 
ID 
Score 
1867 3 3 5 
1914 3 3 5 
2845 3 3 5 
3030 3 3 5 
3175 3 3 5 
4494 3 3 5 
5280 3 3 5 
5588 3 3 5 
6837 3 3 5 
7119 3 3 5 
680 3 4 1 
1867 3 4 1 
1867 3 4 1 
1914 3 4 1 
2845 3 4 2 
3030 3 4 2 
3175 3 4 1 
4494 3 4 2 
5280 3 4 1 
5588 3 4 1 
6837 3 4 2 
7119 3 4 1 
680 3 5 3 
1867 3 5 1 
1867 3 5 1 
1914 3 5 3 
2845 3 5 1 
3030 3 5 4 
3175 3 5 1 
4494 3 5 3 
172 
 
UID Question 
ID 
Option 
ID 
Score 
5280 3 5 2 
5588 3 5 3 
6837 3 5 3 
7119 3 5 3 
680 4 1 1 
1867 4 1 1 
1867 4 1 1 
1914 4 1 3 
2845 4 1 1 
3030 4 1 3 
3175 4 1 1 
4494 4 1 4 
5280 4 1 2 
5588 4 1 3 
6837 4 1 3 
7119 4 1 2 
680 4 2 1 
1867 4 2 1 
1867 4 2 1 
1914 4 2 3 
2845 4 2 1 
3030 4 2 3 
3175 4 2 1 
4494 4 2 4 
5280 4 2 2 
5588 4 2 3 
6837 4 2 3 
7119 4 2 2 
680 4 3 1 
1867 4 3 1 
UID Question 
ID 
Option 
ID 
Score 
1867 4 3 1 
1914 4 3 1 
2845 4 3 2 
3030 4 3 2 
3175 4 3 1 
4494 4 3 2 
5280 4 3 1 
5588 4 3 1 
6837 4 3 3 
7119 4 3 2 
680 4 4 1 
1867 4 4 1 
1867 4 4 1 
1914 4 4 3 
2845 4 4 1 
3030 4 4 2 
3175 4 4 1 
4494 4 4 4 
5280 4 4 2 
5588 4 4 3 
6837 4 4 3 
7119 4 4 2 
680 4 5 4 
1867 4 5 3 
1867 4 5 3 
1914 4 5 5 
2845 4 5 4 
3030 4 5 4 
3175 4 5 3 
4494 4 5 5 
173 
 
UID Question 
ID 
Option 
ID 
Score 
5280 4 5 4 
5588 4 5 4 
6837 4 5 4 
7119 4 5 5 
680 5 1 2 
1867 5 1 1 
1867 5 1 1 
1914 5 1 1 
2845 5 1 2 
3030 5 1 1 
3175 5 1 1 
4494 5 1 2 
5280 5 1 1 
5588 5 1 2 
6837 5 1 2 
7119 5 1 1 
680 5 2 2 
1867 5 2 1 
1867 5 2 1 
1914 5 2 1 
2845 5 2 2 
3030 5 2 2 
3175 5 2 1 
4494 5 2 2 
5280 5 2 1 
5588 5 2 1 
6837 5 2 2 
7119 5 2 1 
680 5 3 2 
1867 5 3 1 
UID Question 
ID 
Option 
ID 
Score 
1867 5 3 1 
1914 5 3 1 
2845 5 3 2 
3030 5 3 2 
3175 5 3 1 
4494 5 3 4 
5280 5 3 2 
5588 5 3 3 
6837 5 3 3 
7119 5 3 3 
680 5 4 3 
1867 5 4 1 
1867 5 4 1 
1914 5 4 2 
2845 5 4 2 
3030 5 4 3 
3175 5 4 2 
4494 5 4 4 
5280 5 4 2 
5588 5 4 2 
6837 5 4 3 
7119 5 4 4 
680 5 5 3 
1867 5 5 1 
1867 5 5 1 
1914 5 5 2 
2845 5 5 1 
3030 5 5 3 
3175 5 5 1 
4494 5 5 2 
174 
 
UID Question 
ID 
Option 
ID 
Score 
5280 5 5 1 
5588 5 5 4 
6837 5 5 4 
7119 5 5 2 
680 6 1 1 
1867 6 1 1 
1867 6 1 1 
1914 6 1 1 
2845 6 1 2 
3030 6 1 3 
3175 6 1 1 
4494 6 1 2 
5280 6 1 1 
5588 6 1 1 
6837 6 1 2 
7119 6 1 2 
680 6 2 1 
1867 6 2 1 
1867 6 2 1 
1914 6 2 1 
2845 6 2 2 
3030 6 2 3 
3175 6 2 1 
4494 6 2 2 
5280 6 2 1 
5588 6 2 1 
6837 6 2 2 
7119 6 2 2 
680 6 3 5 
1867 6 3 5 
UID Question 
ID 
Option 
ID 
Score 
1867 6 3 5 
1914 6 3 5 
2845 6 3 5 
3030 6 3 5 
3175 6 3 5 
4494 6 3 5 
5280 6 3 5 
5588 6 3 5 
6837 6 3 5 
7119 6 3 5 
680 6 4 1 
1867 6 4 1 
1867 6 4 1 
1914 6 4 2 
2845 6 4 2 
3030 6 4 2 
3175 6 4 1 
4494 6 4 4 
5280 6 4 2 
5588 6 4 4 
6837 6 4 4 
7119 6 4 3 
680 6 5 5 
1867 6 5 4 
1867 6 5 4 
1914 6 5 5 
2845 6 5 5 
3030 6 5 4 
3175 6 5 4 
4494 6 5 5 
175 
 
UID Question 
ID 
Option 
ID 
Score 
5280 6 5 4 
5588 6 5 4 
6837 6 5 5 
7119 6 5 5 
680 7 1 2 
1867 7 1 1 
1914 7 1 2 
2845 7 1 2 
3030 7 1 2 
3175 7 1 1 
4494 7 1 4 
5280 7 1 2 
5588 7 1 2 
6837 7 1 3 
7119 7 1 2 
680 7 2 4 
1867 7 2 1 
1914 7 2 1 
2845 7 2 2 
3030 7 2 3 
3175 7 2 1 
4494 7 2 4 
5280 7 2 2 
5588 7 2 2 
6837 7 2 3 
7119 7 2 4 
680 7 3 2 
1867 7 3 1 
1914 7 3 2 
2845 7 3 1 
UID Question 
ID 
Option 
ID 
Score 
3030 7 3 3 
3175 7 3 1 
4494 7 3 2 
5280 7 3 1 
5588 7 3 3 
6837 7 3 4 
7119 7 3 2 
680 7 4 2 
1867 7 4 1 
1914 7 4 2 
2845 7 4 2 
3030 7 4 2 
3175 7 4 1 
4494 7 4 4 
5280 7 4 2 
5588 7 4 2 
6837 7 4 3 
7119 7 4 2 
680 7 5 3 
1867 7 5 1 
1914 7 5 2 
2845 7 5 2 
3030 7 5 3 
3175 7 5 1 
4494 7 5 4 
5280 7 5 2 
5588 7 5 2 
6837 7 5 3 
7119 7 5 4 
680 8 1 1 
176 
 
UID Question 
ID 
Option 
ID 
Score 
1867 8 1 1 
1914 8 1 1 
2845 8 1 2 
3030 8 1 2 
3175 8 1 1 
4494 8 1 2 
5280 8 1 1 
5588 8 1 1 
6837 8 1 2 
7119 8 1 2 
680 8 2 2 
1867 8 2 1 
1914 8 2 2 
2845 8 2 1 
3030 8 2 2 
3175 8 2 1 
4494 8 2 2 
5280 8 2 1 
5588 8 2 2 
6837 8 2 2 
7119 8 2 4 
680 8 3 2 
1867 8 3 1 
1914 8 3 2 
2845 8 3 2 
3030 8 3 3 
3175 8 3 1 
4494 8 3 4 
5280 8 3 2 
5588 8 3 3 
UID Question 
ID 
Option 
ID 
Score 
6837 8 3 3 
7119 8 3 3 
680 8 4 4 
1867 8 4 3 
1914 8 4 5 
2845 8 4 4 
3030 8 4 4 
3175 8 4 2 
4494 8 4 5 
5280 8 4 4 
5588 8 4 4 
6837 8 4 5 
7119 8 4 5 
680 8 5 2 
1867 8 5 2 
1914 8 5 4 
2845 8 5 3 
3030 8 5 2 
3175 8 5 2 
4494 8 5 5 
5280 8 5 4 
5588 8 5 3 
6837 8 5 4 
7119 8 5 3 
680 9 1 1 
1867 9 1 1 
1914 9 1 1 
2845 9 1 2 
3030 9 1 3 
3175 9 1 1 
177 
 
UID Question 
ID 
Option 
ID 
Score 
4494 9 1 2 
5280 9 1 2 
5588 9 1 1 
6837 9 1 2 
7119 9 1 2 
680 9 2 1 
1867 9 2 1 
1914 9 2 1 
2845 9 2 2 
3030 9 2 4 
3175 9 2 1 
4494 9 2 2 
5280 9 2 1 
5588 9 2 2 
6837 9 2 2 
7119 9 2 2 
680 9 3 5 
1867 9 3 5 
1914 9 3 4 
2845 9 3 5 
3030 9 3 3 
3175 9 3 2 
4494 9 3 5 
5280 9 3 4 
5588 9 3 4 
6837 9 3 5 
7119 9 3 5 
680 9 4 1 
1867 9 4 1 
1914 9 4 2 
UID Question 
ID 
Option 
ID 
Score 
2845 9 4 2 
3030 9 4 1 
3175 9 4 1 
4494 9 4 2 
5280 9 4 1 
5588 9 4 1 
6837 9 4 2 
7119 9 4 2 
680 9 5 4 
1867 9 5 1 
1914 9 5 1 
2845 9 5 2 
3030 9 5 3 
3175 9 5 1 
4494 9 5 2 
5280 9 5 2 
5588 9 5 1 
6837 9 5 3 
7119 9 5 2 
680 10 1 2 
1867 10 1 2 
1914 10 1 2 
2845 10 1 2 
3030 10 1 2 
3175 10 1 1 
4494 10 1 4 
5280 10 1 2 
5588 10 1 3 
6837 10 1 3 
7119 10 1 2 
178 
 
UID Question 
ID 
Option 
ID 
Score 
680 10 2 1 
1867 10 2 1 
1914 10 2 1 
2845 10 2 2 
3030 10 2 3 
3175 10 2 1 
4494 10 2 2 
5280 10 2 1 
5588 10 2 1 
6837 10 2 2 
7119 10 2 2 
680 10 3 1 
1867 10 3 1 
1914 10 3 1 
2845 10 3 2 
3030 10 3 3 
3175 10 3 1 
4494 10 3 2 
5280 10 3 1 
5588 10 3 1 
6837 10 3 2 
7119 10 3 2 
680 10 4 2 
1867 10 4 1 
1914 10 4 1 
2845 10 4 1 
3030 10 4 3 
3175 10 4 1 
4494 10 4 2 
5280 10 4 1 
UID Question 
ID 
Option 
ID 
Score 
5588 10 4 2 
6837 10 4 2 
7119 10 4 2 
680 10 5 1 
1867 10 5 2 
1914 10 5 3 
2845 10 5 3 
3030 10 5 2 
3175 10 5 1 
4494 10 5 3 
5280 10 5 2 
5588 10 5 3 
6837 10 5 4 
7119 10 5 2 
680 11 1 3 
1867 11 1 1 
1914 11 1 2 
2845 11 1 3 
3030 11 1 3 
3175 11 1 1 
4494 11 1 4 
5280 11 1 3 
5588 11 1 4 
6837 11 1 4 
7119 11 1 4 
680 11 2 1 
1867 11 2 1 
1914 11 2 1 
2845 11 2 1 
3030 11 2 1 
179 
 
UID Question 
ID 
Option 
ID 
Score 
3175 11 2 1 
4494 11 2 2 
5280 11 2 1 
5588 11 2 1 
6837 11 2 1 
7119 11 2 2 
680 11 3 3 
1867 11 3 3 
1914 11 3 4 
2845 11 3 3 
3030 11 3 4 
3175 11 3 2 
4494 11 3 5 
5280 11 3 4 
5588 11 3 4 
6837 11 3 5 
7119 11 3 4 
680 11 4 3 
1867 11 4 3 
1914 11 4 4 
2845 11 4 4 
3030 11 4 4 
3175 11 4 2 
4494 11 4 5 
5280 11 4 4 
5588 11 4 4 
6837 11 4 5 
7119 11 4 4 
680 11 5 2 
1867 11 5 1 
UID Question 
ID 
Option 
ID 
Score 
1914 11 5 3 
2845 11 5 2 
3030 11 5 3 
3175 11 5 1 
4494 11 5 3 
5280 11 5 1 
5588 11 5 2 
6837 11 5 3 
7119 11 5 3 
680 12 1 2 
1867 12 1 1 
1914 12 1 2 
2845 12 1 2 
3030 12 1 3 
3175 12 1 1 
4494 12 1 2 
5280 12 1 1 
5588 12 1 3 
6837 12 1 3 
7119 12 1 3 
680 12 2 3 
1867 12 2 1 
1914 12 2 2 
2845 12 2 2 
3030 12 2 3 
3175 12 2 1 
4494 12 2 2 
5280 12 2 1 
5588 12 2 3 
6837 12 2 5 
180 
 
UID Question 
ID 
Option 
ID 
Score 
7119 12 2 4 
680 12 3 1 
1867 12 3 1 
1914 12 3 1 
2845 12 3 1 
3030 12 3 1 
3175 12 3 1 
4494 12 3 1 
5280 12 3 1 
5588 12 3 4 
6837 12 3 2 
7119 12 3 2 
680 12 4 2 
1867 12 4 1 
1914 12 4 2 
2845 12 4 2 
3030 12 4 3 
3175 12 4 1 
4494 12 4 2 
5280 12 4 1 
5588 12 4 3 
6837 12 4 3 
7119 12 4 3 
680 12 5 3 
1867 12 5 2 
1914 12 5 2 
2845 12 5 2 
3030 12 5 4 
3175 12 5 1 
4494 12 5 4 
UID Question 
ID 
Option 
ID 
Score 
5280 12 5 3 
5588 12 5 4 
6837 12 5 3 
7119 12 5 2 
680 13 1 1 
1867 13 1 1 
1914 13 1 1 
2845 13 1 1 
3030 13 1 1 
3175 13 1 1 
4494 13 1 1 
5280 13 1 1 
5588 13 1 2 
6837 13 1 2 
7119 13 1 1 
680 13 2 3 
1867 13 2 3 
1914 13 2 4 
2845 13 2 4 
3030 13 2 3 
3175 13 2 2 
4494 13 2 5 
5280 13 2 3 
5588 13 2 5 
6837 13 2 5 
7119 13 2 2 
680 13 3 5 
1867 13 3 3 
1914 13 3 4 
2845 13 3 4 
181 
 
UID Question 
ID 
Option 
ID 
Score 
3030 13 3 3 
3175 13 3 4 
4494 13 3 5 
5280 13 3 4 
5588 13 3 5 
6837 13 3 4 
7119 13 3 4 
680 13 4 2 
1867 13 4 1 
1914 13 4 2 
2845 13 4 2 
3030 13 4 3 
3175 13 4 1 
4494 13 4 3 
5280 13 4 1 
5588 13 4 2 
6837 13 4 2 
7119 13 4 3 
680 13 5 1 
1867 13 5 1 
1914 13 5 1 
2845 13 5 1 
3030 13 5 1 
3175 13 5 1 
4494 13 5 1 
5280 13 5 1 
5588 13 5 2 
6837 13 5 2 
7119 13 5 1 
680 14 1 2 
UID Question 
ID 
Option 
ID 
Score 
1867 14 1 3 
1914 14 1 4 
2845 14 1 4 
3030 14 1 3 
3175 14 1 3 
4494 14 1 5 
5280 14 1 4 
5588 14 1 4 
6837 14 1 2 
7119 14 1 4 
680 14 2 2 
1867 14 2 1 
1914 14 2 2 
2845 14 2 2 
3030 14 2 3 
3175 14 2 1 
4494 14 2 4 
5280 14 2 1 
5588 14 2 3 
6837 14 2 3 
7119 14 2 4 
680 14 3 1 
1867 14 3 1 
1914 14 3 1 
2845 14 3 1 
3030 14 3 1 
3175 14 3 1 
4494 14 3 1 
5280 14 3 1 
5588 14 3 2 
182 
 
UID Question 
ID 
Option 
ID 
Score 
6837 14 3 3 
7119 14 3 1 
680 14 4 1 
1867 14 4 1 
1914 14 4 1 
2845 14 4 2 
3030 14 4 1 
3175 14 4 1 
4494 14 4 1 
5280 14 4 1 
5588 14 4 2 
6837 14 4 3 
7119 14 4 2 
680 14 5 1 
1867 14 5 1 
1914 14 5 1 
2845 14 5 1 
3030 14 5 1 
3175 14 5 1 
4494 14 5 2 
5280 14 5 1 
5588 14 5 1 
6837 14 5 1 
7119 14 5 2 
680 15 1 2 
1867 15 1 1 
1914 15 1 2 
2845 15 1 1 
3030 15 1 3 
3175 15 1 1 
UID Question 
ID 
Option 
ID 
Score 
4494 15 1 4 
5280 15 1 2 
5588 15 1 3 
6837 15 1 5 
7119 15 1 3 
680 15 2 1 
1867 15 2 1 
1914 15 2 1 
2845 15 2 1 
3030 15 2 1 
3175 15 2 1 
4494 15 2 2 
5280 15 2 1 
5588 15 2 1 
6837 15 2 3 
7119 15 2 2 
680 15 3 1 
1867 15 3 1 
1914 15 3 2 
2845 15 3 1 
3030 15 3 1 
3175 15 3 1 
4494 15 3 2 
5280 15 3 1 
5588 15 3 2 
6837 15 3 3 
7119 15 3 1 
680 15 4 4 
1867 15 4 1 
1914 15 4 4 
183 
 
UID Question 
ID 
Option 
ID 
Score 
2845 15 4 1 
3030 15 4 1 
3175 15 4 1 
4494 15 4 2 
5280 15 4 1 
5588 15 4 2 
6837 15 4 3 
7119 15 4 1 
680 15 5 1 
1867 15 5 1 
1914 15 5 1 
2845 15 5 1 
3030 15 5 3 
3175 15 5 1 
4494 15 5 1 
5280 15 5 1 
5588 15 5 1 
6837 15 5 1 
7119 15 5 2 
680 16 1 4 
1867 16 1 1 
1914 16 1 2 
2845 16 1 3 
3030 16 1 3 
3175 16 1 1 
4494 16 1 4 
5280 16 1 2 
5588 16 1 4 
6837 16 1 4 
7119 16 1 4 
UID Question 
ID 
Option 
ID 
Score 
680 16 2 4 
1867 16 2 1 
1914 16 2 2 
2845 16 2 3 
3030 16 2 3 
3175 16 2 1 
4494 16 2 4 
5280 16 2 2 
5588 16 2 4 
6837 16 2 5 
7119 16 2 4 
680 16 3 3 
1867 16 3 1 
1914 16 3 2 
2845 16 3 3 
3030 16 3 3 
3175 16 3 1 
4494 16 3 4 
5280 16 3 2 
5588 16 3 4 
6837 16 3 5 
7119 16 3 3 
680 16 4 2 
1867 16 4 1 
1914 16 4 2 
2845 16 4 3 
3030 16 4 3 
3175 16 4 1 
4494 16 4 4 
5280 16 4 2 
184 
 
UID Question 
ID 
Option 
ID 
Score 
5588 16 4 4 
6837 16 4 3 
7119 16 4 3 
680 16 5 3 
1867 16 5 1 
1914 16 5 2 
2845 16 5 3 
3030 16 5 3 
3175 16 5 1 
4494 16 5 4 
5280 16 5 2 
5588 16 5 4 
6837 16 5 5 
7119 16 5 4 
680 17 1 5 
1867 17 1 5 
1914 17 1 5 
2845 17 1 5 
3030 17 1 5 
3175 17 1 5 
4494 17 1 5 
5280 17 1 5 
5588 17 1 5 
6837 17 1 5 
7119 17 1 5 
680 17 2 1 
1867 17 2 1 
1914 17 2 1 
2845 17 2 2 
3030 17 2 2 
UID Question 
ID 
Option 
ID 
Score 
3175 17 2 1 
4494 17 2 2 
5280 17 2 1 
5588 17 2 1 
6837 17 2 2 
7119 17 2 1 
680 17 3 1 
1867 17 3 1 
1914 17 3 1 
2845 17 3 1 
3030 17 3 1 
3175 17 3 1 
4494 17 3 2 
5280 17 3 1 
5588 17 3 1 
6837 17 3 2 
7119 17 3 1 
680 17 4 4 
1867 17 4 4 
1914 17 4 4 
2845 17 4 3 
3030 17 4 4 
3175 17 4 2 
4494 17 4 1 
5280 17 4 4 
5588 17 4 4 
6837 17 4 4 
7119 17 4 5 
680 17 5 3 
1867 17 5 1 
185 
 
UID Question 
ID 
Option 
ID 
Score 
1914 17 5 1 
2845 17 5 1 
3030 17 5 1 
3175 17 5 1 
4494 17 5 2 
5280 17 5 1 
5588 17 5 1 
6837 17 5 2 
7119 17 5 1 
680 18 1 1 
1867 18 1 1 
1914 18 1 2 
2845 18 1 2 
3030 18 1 1 
3175 18 1 1 
4494 18 1 2 
5280 18 1 1 
5588 18 1 2 
6837 18 1 3 
7119 18 1 1 
680 18 2 2 
1867 18 2 1 
1914 18 2 2 
2845 18 2 1 
3030 18 2 4 
3175 18 2 1 
4494 18 2 3 
5280 18 2 2 
5588 18 2 1 
6837 18 2 5 
UID Question 
ID 
Option 
ID 
Score 
7119 18 2 2 
680 18 3 1 
1867 18 3 1 
1914 18 3 2 
2845 18 3 2 
3030 18 3 1 
3175 18 3 1 
4494 18 3 1 
5280 18 3 1 
5588 18 3 2 
6837 18 3 1 
7119 18 3 1 
680 18 4 1 
1867 18 4 1 
1914 18 4 1 
2845 18 4 1 
3030 18 4 1 
3175 18 4 1 
4494 18 4 1 
5280 18 4 1 
5588 18 4 1 
6837 18 4 2 
7119 18 4 1 
680 18 5 2 
1867 18 5 1 
1914 18 5 4 
2845 18 5 2 
3030 18 5 3 
3175 18 5 1 
4494 18 5 3 
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UID Question 
ID 
Option 
ID 
Score 
5280 18 5 2 
5588 18 5 4 
6837 18 5 4 
7119 18 5 2 
680 19 1 1 
1867 19 1 1 
1914 19 1 1 
2845 19 1 2 
3030 19 1 2 
3175 19 1 1 
4494 19 1 3 
5280 19 1 2 
5588 19 1 4 
6837 19 1 5 
7119 19 1 2 
680 19 2 1 
1867 19 2 1 
1914 19 2 1 
2845 19 2 2 
3030 19 2 2 
3175 19 2 1 
4494 19 2 2 
5280 19 2 1 
5588 19 2 1 
6837 19 2 2 
7119 19 2 1 
680 19 3 1 
1867 19 3 1 
1914 19 3 1 
2845 19 3 1 
UID Question 
ID 
Option 
ID 
Score 
3030 19 3 2 
3175 19 3 1 
4494 19 3 1 
5280 19 3 1 
5588 19 3 1 
6837 19 3 2 
7119 19 3 1 
680 19 4 2 
1867 19 4 1 
1914 19 4 2 
2845 19 4 2 
3030 19 4 3 
3175 19 4 1 
4494 19 4 2 
5280 19 4 1 
5588 19 4 3 
6837 19 4 3 
7119 19 4 2 
680 19 5 3 
1867 19 5 3 
1914 19 5 2 
2845 19 5 4 
3030 19 5 3 
3175 19 5 2 
4494 19 5 5 
5280 19 5 4 
5588 19 5 5 
6837 19 5 4 
7119 19 5 3 
680 20 1 1 
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UID Question 
ID 
Option 
ID 
Score 
1867 20 1 1 
1914 20 1 1 
2845 20 1 1 
3030 20 1 3 
3175 20 1 1 
4494 20 1 3 
5280 20 1 1 
5588 20 1 2 
6837 20 1 3 
7119 20 1 1 
680 20 2 2 
1867 20 2 1 
1914 20 2 1 
2845 20 2 1 
3030 20 2 2 
3175 20 2 1 
4494 20 2 2 
5280 20 2 1 
5588 20 2 2 
6837 20 2 2 
7119 20 2 1 
680 20 3 2 
1867 20 3 1 
1914 20 3 1 
2845 20 3 1 
3030 20 3 3 
3175 20 3 1 
4494 20 3 2 
5280 20 3 2 
5588 20 3 3 
UID Question 
ID 
Option 
ID 
Score 
6837 20 3 3 
7119 20 3 2 
680 20 4 1 
1867 20 4 1 
1914 20 4 1 
2845 20 4 2 
3030 20 4 2 
3175 20 4 1 
4494 20 4 1 
5280 20 4 1 
5588 20 4 1 
6837 20 4 3 
7119 20 4 1 
680 20 5 1 
1867 20 5 1 
1914 20 5 1 
2845 20 5 2 
3030 20 5 1 
3175 20 5 1 
4494 20 5 2 
5280 20 5 1 
5588 20 5 1 
6837 20 5 2 
7119 20 5 1 
680 21 1 2 
1867 21 1 1 
1914 21 1 4 
2845 21 1 2 
3030 21 1 2 
3175 21 1 1 
188 
 
UID Question 
ID 
Option 
ID 
Score 
4494 21 1 4 
5280 21 1 2 
5588 21 1 4 
6837 21 1 2 
7119 21 1 2 
680 21 2 1 
1867 21 2 1 
1914 21 2 1 
2845 21 2 2 
3030 21 2 3 
3175 21 2 1 
4494 21 2 2 
5280 21 2 1 
5588 21 2 2 
6837 21 2 3 
7119 21 2 1 
680 21 3 1 
1867 21 3 1 
1914 21 3 2 
2845 21 3 2 
3030 21 3 3 
3175 21 3 1 
4494 21 3 2 
5280 21 3 1 
5588 21 3 1 
6837 21 3 2 
7119 21 3 1 
680 21 4 2 
1867 21 4 1 
1914 21 4 1 
UID Question 
ID 
Option 
ID 
Score 
2845 21 4 2 
3030 21 4 3 
3175 21 4 1 
4494 21 4 2 
5280 21 4 1 
5588 21 4 2 
6837 21 4 3 
7119 21 4 3 
680 21 5 2 
1867 21 5 1 
1914 21 5 2 
2845 21 5 2 
3030 21 5 3 
3175 21 5 1 
4494 21 5 2 
5280 21 5 2 
5588 21 5 2 
6837 21 5 1 
7119 21 5 2 
680 22 1 4 
1867 22 1 4 
1914 22 1 5 
2845 22 1 4 
3030 22 1 4 
3175 22 1 2 
4494 22 1 5 
5280 22 1 4 
5588 22 1 5 
6837 22 1 5 
7119 22 1 4 
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UID Question 
ID 
Option 
ID 
Score 
680 22 2 1 
1867 22 2 1 
1914 22 2 1 
2845 22 2 1 
3030 22 2 3 
3175 22 2 1 
4494 22 2 2 
5280 22 2 1 
5588 22 2 2 
6837 22 2 1 
7119 22 2 1 
680 22 3 2 
1867 22 3 1 
1914 22 3 4 
2845 22 3 1 
3030 22 3 2 
3175 22 3 1 
4494 22 3 2 
5280 22 3 1 
5588 22 3 3 
6837 22 3 1 
7119 22 3 3 
680 22 4 1 
1867 22 4 1 
1914 22 4 1 
2845 22 4 2 
3030 22 4 3 
3175 22 4 1 
4494 22 4 2 
5280 22 4 1 
UID Question 
ID 
Option 
ID 
Score 
5588 22 4 2 
6837 22 4 2 
7119 22 4 2 
680 22 5 1 
1867 22 5 1 
1914 22 5 3 
2845 22 5 2 
3030 22 5 3 
3175 22 5 1 
4494 22 5 2 
5280 22 5 2 
5588 22 5 2 
6837 22 5 2 
7119 22 5 1 
680 23 1 2 
1867 23 1 1 
1914 23 1 1 
2845 23 1 2 
3030 23 1 3 
3175 23 1 1 
4494 23 1 2 
5280 23 1 1 
5588 23 1 2 
6837 23 1 2 
7119 23 1 2 
680 23 2 4 
1867 23 2 4 
1914 23 2 4 
2845 23 2 5 
3030 23 2 4 
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UID Question 
ID 
Option 
ID 
Score 
3175 23 2 3 
4494 23 2 5 
5280 23 2 4 
5588 23 2 5 
6837 23 2 5 
7119 23 2 5 
680 23 3 5 
1867 23 3 5 
1914 23 3 5 
2845 23 3 5 
3030 23 3 5 
3175 23 3 5 
4494 23 3 5 
5280 23 3 5 
5588 23 3 5 
6837 23 3 5 
7119 23 3 5 
680 23 4 1 
1867 23 4 1 
1914 23 4 4 
2845 23 4 1 
3030 23 4 2 
3175 23 4 1 
4494 23 4 2 
5280 23 4 1 
5588 23 4 2 
6837 23 4 1 
7119 23 4 1 
680 23 5 2 
1867 23 5 1 
UID Question 
ID 
Option 
ID 
Score 
1914 23 5 2 
2845 23 5 3 
3030 23 5 2 
3175 23 5 1 
4494 23 5 2 
5280 23 5 1 
5588 23 5 2 
6837 23 5 2 
7119 23 5 3 
680 24 1 1 
1867 24 1 1 
1914 24 1 1 
2845 24 1 2 
3030 24 1 1 
3175 24 1 1 
4494 24 1 3 
5280 24 1 1 
5588 24 1 1 
6837 24 1 2 
7119 24 1 2 
680 24 2 1 
1867 24 2 1 
1914 24 2 1 
2845 24 2 2 
3030 24 2 1 
3175 24 2 1 
4494 24 2 3 
5280 24 2 1 
5588 24 2 1 
6837 24 2 2 
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UID Question 
ID 
Option 
ID 
Score 
7119 24 2 2 
680 24 3 2 
1867 24 3 1 
1914 24 3 3 
2845 24 3 2 
3030 24 3 3 
3175 24 3 1 
4494 24 3 3 
5280 24 3 2 
5588 24 3 4 
6837 24 3 1 
7119 24 3 2 
680 24 4 1 
1867 24 4 1 
1914 24 4 1 
2845 24 4 2 
3030 24 4 1 
3175 24 4 1 
4494 24 4 2 
5280 24 4 1 
5588 24 4 1 
6837 24 4 2 
7119 24 4 2 
680 24 5 1 
1867 24 5 1 
1914 24 5 3 
2845 24 5 1 
3030 24 5 2 
3175 24 5 1 
4494 24 5 3 
UID Question 
ID 
Option 
ID 
Score 
5280 24 5 2 
5588 24 5 1 
6837 24 5 3 
7119 24 5 2 
680 25 1 2 
1867 25 1 1 
1914 25 1 3 
2845 25 1 2 
3030 25 1 3 
3175 25 1 1 
4494 25 1 3 
5280 25 1 2 
5588 25 1 2 
6837 25 1 3 
7119 25 1 4 
680 25 2 1 
1867 25 2 1 
1914 25 2 1 
2845 25 2 1 
3030 25 2 3 
3175 25 2 1 
4494 25 2 3 
5280 25 2 2 
5588 25 2 1 
6837 25 2 2 
7119 25 2 3 
680 25 3 5 
1867 25 3 5 
1914 25 3 5 
2845 25 3 5 
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UID Question 
ID 
Option 
ID 
Score 
3030 25 3 5 
3175 25 3 5 
4494 25 3 5 
5280 25 3 5 
5588 25 3 5 
6837 25 3 5 
7119 25 3 5 
680 25 4 2 
1867 25 4 1 
1914 25 4 2 
2845 25 4 2 
3030 25 4 3 
3175 25 4 1 
4494 25 4 4 
5280 25 4 2 
5588 25 4 4 
6837 25 4 2 
7119 25 4 3 
680 25 5 2 
1867 25 5 1 
1914 25 5 2 
2845 25 5 2 
3030 25 5 3 
3175 25 5 1 
4494 25 5 2 
5280 25 5 2 
5588 25 5 5 
6837 25 5 1 
7119 25 5 2 
680 26 1 3 
UID Question 
ID 
Option 
ID 
Score 
1867 26 1 1 
1914 26 1 2 
2845 26 1 3 
3030 26 1 2 
3030 26 1 2 
3175 26 1 1 
4494 26 1 3 
5280 26 1 4 
5588 26 1 2 
6837 26 1 4 
7119 26 1 3 
680 26 2 1 
1867 26 2 1 
1914 26 2 3 
2845 26 2 2 
3030 26 2 1 
3030 26 2 1 
3175 26 2 1 
4494 26 2 3 
5280 26 2 1 
5588 26 2 3 
6837 26 2 2 
7119 26 2 3 
680 26 3 1 
1867 26 3 1 
1914 26 3 3 
2845 26 3 1 
3030 26 3 1 
3030 26 3 1 
3175 26 3 1 
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UID Question 
ID 
Option 
ID 
Score 
4494 26 3 2 
5280 26 3 1 
5588 26 3 2 
6837 26 3 2 
7119 26 3 3 
680 26 4 2 
1867 26 4 2 
1914 26 4 2 
2845 26 4 2 
3030 26 4 3 
3030 26 4 3 
3175 26 4 1 
4494 26 4 2 
5280 26 4 4 
5588 26 4 2 
6837 26 4 4 
7119 26 4 2 
680 26 5 1 
1867 26 5 1 
1914 26 5 1 
2845 26 5 1 
3030 26 5 2 
3030 26 5 2 
3175 26 5 1 
4494 26 5 2 
5280 26 5 1 
5588 26 5 1 
6837 26 5 1 
7119 26 5 3 
680 27 1 4 
UID Question 
ID 
Option 
ID 
Score 
1867 27 1 4 
1914 27 1 5 
2845 27 1 4 
3030 27 1 4 
3175 27 1 3 
4494 27 1 5 
5280 27 1 4 
5588 27 1 5 
6837 27 1 5 
7119 27 1 5 
680 27 2 2 
1867 27 2 2 
1914 27 2 3 
2845 27 2 2 
3030 27 2 3 
3175 27 2 1 
4494 27 2 3 
5280 27 2 3 
5588 27 2 4 
6837 27 2 3 
7119 27 2 3 
680 27 3 1 
1867 27 3 1 
1914 27 3 5 
2845 27 3 2 
3030 27 3 1 
3175 27 3 1 
4494 27 3 2 
5280 27 3 1 
5588 27 3 2 
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UID Question 
ID 
Option 
ID 
Score 
6837 27 3 2 
7119 27 3 3 
680 27 4 2 
1867 27 4 1 
1914 27 4 3 
2845 27 4 2 
3030 27 4 3 
3175 27 4 1 
4494 27 4 4 
5280 27 4 2 
5588 27 4 5 
6837 27 4 2 
7119 27 4 3 
680 27 5 3 
1867 27 5 2 
1914 27 5 1 
2845 27 5 2 
3030 27 5 3 
3175 27 5 1 
4494 27 5 3 
5280 27 5 1 
5588 27 5 3 
6837 27 5 4 
7119 27 5 2 
680 28 1 1 
1867 28 1 1 
1914 28 1 1 
2845 28 1 1 
3030 28 1 3 
3175 28 1 1 
UID Question 
ID 
Option 
ID 
Score 
4494 28 1 2 
5280 28 1 1 
5588 28 1 2 
6837 28 1 3 
7119 28 1 1 
680 28 2 2 
1867 28 2 1 
1914 28 2 1 
2845 28 2 2 
3030 28 2 2 
3175 28 2 1 
4494 28 2 3 
5280 28 2 1 
5588 28 2 1 
6837 28 2 1 
7119 28 2 2 
680 28 3 1 
1867 28 3 1 
1914 28 3 3 
2845 28 3 2 
3030 28 3 1 
3175 28 3 1 
4494 28 3 2 
5280 28 3 1 
5588 28 3 1 
6837 28 3 2 
7119 28 3 1 
680 28 4 1 
1867 28 4 1 
1914 28 4 2 
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UID Question 
ID 
Option 
ID 
Score 
2845 28 4 3 
3030 28 4 1 
3175 28 4 1 
4494 28 4 3 
5280 28 4 1 
5588 28 4 1 
6837 28 4 2 
7119 28 4 1 
680 28 5 1 
1867 28 5 1 
1914 28 5 3 
2845 28 5 1 
3030 28 5 2 
3175 28 5 1 
4494 28 5 2 
5280 28 5 2 
5588 28 5 1 
6837 28 5 1 
7119 28 5 2 
680 29 1 1 
1867 29 1 1 
1914 29 1 3 
2845 29 1 2 
3030 29 1 2 
3175 29 1 1 
4494 29 1 2 
5280 29 1 1 
5588 29 1 1 
6837 29 1 2 
7119 29 1 2 
UID Question 
ID 
Option 
ID 
Score 
680 29 2 3 
1867 29 2 4 
1914 29 2 4 
2845 29 2 4 
3030 29 2 4 
3175 29 2 3 
4494 29 2 5 
5280 29 2 4 
5588 29 2 5 
6837 29 2 5 
7119 29 2 4 
680 29 3 5 
1867 29 3 5 
1914 29 3 5 
2845 29 3 5 
3030 29 3 5 
3175 29 3 5 
4494 29 3 5 
5280 29 3 5 
5588 29 3 5 
6837 29 3 5 
7119 29 3 4 
680 29 4 1 
1867 29 4 1 
1914 29 4 2 
2845 29 4 2 
3030 29 4 3 
3175 29 4 1 
4494 29 4 2 
5280 29 4 1 
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UID Question 
ID 
Option 
ID 
Score 
5588 29 4 2 
6837 29 4 2 
7119 29 4 3 
680 29 5 1 
1867 29 5 1 
1914 29 5 2 
2845 29 5 3 
3030 29 5 1 
3175 29 5 1 
4494 29 5 3 
5280 29 5 1 
5588 29 5 2 
6837 29 5 1 
7119 29 5 2 
680 30 1 1 
1867 30 1 1 
1914 30 1 4 
2845 30 1 1 
3030 30 1 2 
3175 30 1 1 
4494 30 1 3 
5280 30 1 3 
5588 30 1 1 
6837 30 1 3 
7119 30 1 2 
680 30 2 1 
1867 30 2 1 
1914 30 2 4 
2845 30 2 2 
3030 30 2 2 
UID Question 
ID 
Option 
ID 
Score 
3175 30 2 1 
4494 30 2 2 
5280 30 2 2 
5588 30 2 1 
6837 30 2 2 
7119 30 2 1 
680 30 3 1 
1867 30 3 1 
1914 30 3 2 
2845 30 3 2 
3030 30 3 3 
3175 30 3 1 
4494 30 3 1 
5280 30 3 1 
5588 30 3 1 
6837 30 3 1 
7119 30 3 2 
680 30 4 1 
1867 30 4 1 
1914 30 4 1 
2845 30 4 2 
3030 30 4 2 
3175 30 4 1 
4494 30 4 1 
5280 30 4 1 
5588 30 4 5 
6837 30 4 1 
7119 30 4 1 
680 30 5 1 
1867 30 5 1 
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UID Question 
ID 
Option 
ID 
Score 
1914 30 5 3 
2845 30 5 2 
3030 30 5 3 
3175 30 5 1 
4494 30 5 2 
5280 30 5 2 
5588 30 5 2 
6837 30 5 2 
7119 30 5 2 
680 31 1 1 
1867 31 1 1 
1914 31 1 2 
2845 31 1 1 
3030 31 1 1 
3175 31 1 1 
4494 31 1 1 
5280 31 1 1 
5588 31 1 1 
6837 31 1 1 
7119 31 1 1 
680 31 2 2 
1867 31 2 1 
1914 31 2 2 
2845 31 2 1 
3030 31 2 3 
3175 31 2 1 
4494 31 2 4 
5280 31 2 1 
5588 31 2 2 
6837 31 2 3 
UID Question 
ID 
Option 
ID 
Score 
7119 31 2 1 
680 31 3 2 
1867 31 3 1 
1914 31 3 2 
2845 31 3 1 
3030 31 3 2 
3175 31 3 1 
4494 31 3 3 
5280 31 3 1 
5588 31 3 1 
6837 31 3 4 
7119 31 3 1 
680 31 4 1 
1867 31 4 2 
1914 31 4 2 
2845 31 4 1 
3030 31 4 3 
3175 31 4 1 
4494 31 4 4 
5280 31 4 1 
5588 31 4 2 
6837 31 4 2 
7119 31 4 2 
680 31 5 5 
1867 31 5 5 
1914 31 5 5 
2845 31 5 5 
3030 31 5 5 
3175 31 5 5 
4494 31 5 5 
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UID Question 
ID 
Option 
ID 
Score 
5280 31 5 5 
5588 31 5 5 
6837 31 5 5 
7119 31 5 5 
680 32 1 5 
1867 32 1 5 
1914 32 1 5 
2845 32 1 5 
3030 32 1 5 
3175 32 1 5 
4494 32 1 5 
5280 32 1 5 
5588 32 1 5 
6837 32 1 5 
7119 32 1 5 
680 32 2 2 
1867 32 2 1 
1914 32 2 1 
2845 32 2 1 
3030 32 2 2 
3175 32 2 1 
4494 32 2 3 
5280 32 2 1 
5588 32 2 1 
6837 32 2 2 
7119 32 2 3 
680 32 3 4 
1867 32 3 1 
1914 32 3 3 
2845 32 3 1 
UID Question 
ID 
Option 
ID 
Score 
3030 32 3 2 
3175 32 3 1 
4494 32 3 3 
5280 32 3 1 
5588 32 3 1 
6837 32 3 3 
7119 32 3 2 
680 32 4 2 
1867 32 4 1 
1914 32 4 1 
2845 32 4 2 
3030 32 4 3 
3175 32 4 1 
4494 32 4 3 
5280 32 4 1 
5588 32 4 1 
6837 32 4 2 
7119 32 4 2 
680 32 5 1 
1867 32 5 1 
1914 32 5 2 
2845 32 5 1 
3030 32 5 3 
3175 32 5 1 
4494 32 5 2 
5280 32 5 1 
5588 32 5 1 
6837 32 5 2 
7119 32 5 1 
680 33 1 3 
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UID Question 
ID 
Option 
ID 
Score 
1867 33 1 4 
1914 33 1 5 
2845 33 1 3 
3030 33 1 3 
3175 33 1 2 
4494 33 1 5 
5280 33 1 3 
5588 33 1 4 
6837 33 1 4 
7119 33 1 3 
680 33 2 1 
1867 33 2 1 
1914 33 2 2 
2845 33 2 2 
3030 33 2 1 
3175 33 2 1 
4494 33 2 1 
5280 33 2 1 
5588 33 2 2 
6837 33 2 2 
7119 33 2 1 
680 33 3 3 
1867 33 3 1 
1914 33 3 1 
2845 33 3 2 
3030 33 3 3 
3175 33 3 1 
4494 33 3 3 
5280 33 3 1 
5588 33 3 1 
UID Question 
ID 
Option 
ID 
Score 
6837 33 3 2 
7119 33 3 2 
680 33 4 1 
1867 33 4 1 
1914 33 4 1 
2845 33 4 2 
3030 33 4 2 
3175 33 4 1 
4494 33 4 3 
5280 33 4 1 
5588 33 4 1 
6837 33 4 1 
7119 33 4 1 
680 33 5 5 
1867 33 5 5 
1914 33 5 5 
2845 33 5 5 
3030 33 5 5 
3175 33 5 5 
4494 33 5 5 
5280 33 5 5 
5588 33 5 5 
6837 33 5 5 
7119 33 5 5 
680 34 1 1 
1867 34 1 1 
1914 34 1 3 
2845 34 1 2 
3030 34 1 1 
3175 34 1 1 
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UID Question 
ID 
Option 
ID 
Score 
4494 34 1 1 
5280 34 1 1 
5588 34 1 1 
6837 34 1 1 
7119 34 1 2 
680 34 2 1 
1867 34 2 1 
1914 34 2 2 
2845 34 2 2 
3030 34 2 1 
3175 34 2 1 
4494 34 2 1 
5280 34 2 1 
5588 34 2 1 
6837 34 2 1 
7119 34 2 1 
680 34 3 1 
1867 34 3 1 
1914 34 3 2 
2845 34 3 2 
3030 34 3 3 
3175 34 3 1 
4494 34 3 2 
5280 34 3 1 
5588 34 3 1 
6837 34 3 1 
7119 34 3 1 
680 34 4 1 
1867 34 4 1 
1914 34 4 2 
UID Question 
ID 
Option 
ID 
Score 
2845 34 4 2 
3030 34 4 1 
3175 34 4 1 
4494 34 4 2 
5280 34 4 1 
5588 34 4 2 
6837 34 4 1 
7119 34 4 1 
680 34 5 1 
1867 34 5 1 
1914 34 5 2 
2845 34 5 2 
3030 34 5 3 
3175 34 5 1 
4494 34 5 2 
5280 34 5 1 
5588 34 5 1 
6837 34 5 1 
7119 34 5 1 
680 35 1 1 
1867 35 1 1 
1914 35 1 2 
2845 35 1 2 
3030 35 1 3 
3175 35 1 1 
4494 35 1 2 
5280 35 1 1 
5588 35 1 1 
6837 35 1 1 
7119 35 1 1 
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UID Question 
ID 
Option 
ID 
Score 
680 35 2 2 
1867 35 2 1 
1914 35 2 2 
2845 35 2 3 
3030 35 2 1 
3175 35 2 1 
4494 35 2 1 
5280 35 2 1 
5588 35 2 2 
6837 35 2 3 
7119 35 2 1 
680 35 3 4 
1867 35 3 4 
1914 35 3 5 
2845 35 3 4 
3030 35 3 3 
3175 35 3 2 
4494 35 3 5 
5280 35 3 3 
5588 35 3 2 
6837 35 3 4 
7119 35 3 3 
680 35 4 2 
1867 35 4 1 
1914 35 4 1 
2845 35 4 2 
3030 35 4 3 
3175 35 4 1 
4494 35 4 3 
5280 35 4 1 
UID Question 
ID 
Option 
ID 
Score 
5588 35 4 1 
6837 35 4 2 
7119 35 4 2 
680 35 5 1 
1867 35 5 1 
1914 35 5 1 
2845 35 5 2 
3030 35 5 3 
3175 35 5 1 
4494 35 5 2 
5280 35 5 1 
5588 35 5 1 
6837 35 5 2 
7119 35 5 1 
680 36 1 1 
1867 36 1 1 
1914 36 1 2 
2845 36 1 2 
3030 36 1 2 
3175 36 1 1 
4494 36 1 2 
5280 36 1 1 
5588 36 1 1 
6837 36 1 1 
7119 36 1 1 
680 36 2 1 
1867 36 2 1 
1914 36 2 2 
2845 36 2 2 
3030 36 2 1 
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UID Question 
ID 
Option 
ID 
Score 
3175 36 2 1 
4494 36 2 2 
5280 36 2 1 
5588 36 2 2 
6837 36 2 2 
7119 36 2 1 
680 36 3 1 
1867 36 3 1 
1914 36 3 2 
2845 36 3 2 
3030 36 3 3 
3175 36 3 1 
4494 36 3 2 
5280 36 3 1 
5588 36 3 2 
6837 36 3 2 
7119 36 3 1 
680 36 4 5 
1867 36 4 5 
1914 36 4 5 
2845 36 4 5 
3030 36 4 5 
3175 36 4 5 
4494 36 4 5 
5280 36 4 5 
5588 36 4 5 
6837 36 4 5 
7119 36 4 5 
680 36 5 1 
1867 36 5 1 
UID Question 
ID 
Option 
ID 
Score 
1914 36 5 2 
2845 36 5 2 
3030 36 5 2 
3175 36 5 1 
4494 36 5 2 
5280 36 5 1 
5588 36 5 1 
6837 36 5 3 
7119 36 5 1 
680 37 1 3 
1867 37 1 3 
1914 37 1 4 
2845 37 1 4 
3030 37 1 3 
3175 37 1 2 
4494 37 1 5 
5280 37 1 3 
5588 37 1 4 
6837 37 1 4 
7119 37 1 3 
680 37 2 1 
1867 37 2 1 
1914 37 2 2 
2845 37 2 3 
3030 37 2 3 
3175 37 2 1 
4494 37 2 1 
5280 37 2 1 
5588 37 2 1 
6837 37 2 1 
203 
 
UID Question 
ID 
Option 
ID 
Score 
7119 37 2 1 
680 37 3 1 
1867 37 3 1 
1914 37 3 2 
2845 37 3 3 
3030 37 3 1 
3175 37 3 1 
4494 37 3 2 
5280 37 3 1 
5588 37 3 1 
6837 37 3 2 
7119 37 3 1 
680 37 4 2 
1867 37 4 1 
1914 37 4 2 
2845 37 4 3 
3030 37 4 1 
UID Question 
ID 
Option 
ID 
Score 
3175 37 4 1 
4494 37 4 2 
5280 37 4 1 
5588 37 4 1 
6837 37 4 3 
7119 37 4 1 
680 37 5 5 
1867 37 5 4 
1914 37 5 5 
2845 37 5 4 
3030 37 5 4 
3175 37 5 3 
4494 37 5 5 
5280 37 5 4 
5588 37 5 5 
6837 37 5 5 
7119 37 5 5 
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Appendix F. All Work Instructions Gathered for Solid Models from Survey 
Participant 1 
Solid Model 
Assembly work instructions authored by 
Participant 1 
 
Get screw from bin 
Align screw to hole in housing 
insert screw into hole in housing 
Ensure screw is seated properly 
 
Get screw from bin 
Align screw to hole in housing 
insert screw into hole in housing 
Ensure screw is seated properly 
 
Get screw from bin 
Align screw to hole in housing 
insert screw into hole in housing 
Ensure screw is seated properly 
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get handle from bin 
align handle to pin on the body 
lower pin onto body 
ensure tightness of fit 
 
get nut from rack 
align nut and bolt 
handstart nut onto bolt (only halfway) 
 
get nut from rack 
handstart nut onto bolt 
ensure nut touches head of bolt 
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get nut 
get bolt 
align nut and bolt 
push nut onto bolt such that nut touches head of bolt 
 
Get nut from rack 
Get bolt 
Align the two 
Handstart nut onto bolt only halfway 
 
Get pin 
Get body  
insert pin into bottom holes 
Ensure head of pin touches the body 
 
Get spring body 
get green plate  
Align the green plate to right-side end of the spring 
body 
Push to ensure plate is locked on 
Repeat for yellow plate on left-side end 
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Get allen key and insert into head of screw 
get bolt and handstart onto screw 
 
 
 
Get bottom (green) half of hinge 
Get top (yellow) hinge half 
align the two 
get red pin and insert to join the two hinge halves 
 
Get bottom (green) half of hinge 
Get top (yellow) hinge half 
align the two 
get red pin and insert to join the two hinge halves 
 
Get bottom (green) half of hinge 
Get top (yellow) hinge half 
align the two 
get red pin and insert to join the two hinge halves 
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Get bottom (green) half of hinge 
Get top (yellow) hinge half 
align the two 
get red pin and insert to join the two hinge halves 
 
Get lever arm 
Get body 
Align lever arm to space in the slot 
get yellow pin and insert to join the lever arm to the 
body 
 
Get screw and body  
insert screw into body upto halfway length of screw 
get yellow pin and insert 
 
get single-eye and double-eye halves of knuckle joints 
Align the two halves 
insert pin 
 
Get bracket 
get pin with head and insert into top hole 
get pin without head and insert into bottom hole 
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get bracket and two pins 
insert one pin into bottom hole of bracket and another 
into top hole of bracket 
 
Get piston head and rod 
Align top 
 smaller hole of piston rod with head 
Get and insert pin 
 
Get both halves of hinge  
Align holes and hold together  
Get pin and insert 
 
Get both halves of knuckle joint and align 
get and insert green pin 
get and insert blue pin 
 
Get body  
insert yellow housing around longer end of body 
get and insert blue ring into gap between body and 
housing 
get and insert seal section 
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Assembly work instructions authored by 
Participant 1 
 
Get body of geneva mechanism 
get grey follower and red pin 
align grey follower plate to center hole of geneva 
mechanism 
insert red pin and screw in 
insert yellow pin to mate body and grey plate 
 
Get blue half and green half of body 
align the two and insert red screw 
get bolt and handstart onto screw 
 
Get nut and bolt 
slide nut onto bolt until nut touches bolt head 
 
get both halves of the hinge  
align the two and hold together in one hand 
insert yellow pin mat the two hinge halves 
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get lower green plate 
Get middle red body and align to lower green plate 
get yellow top housing and align to holes on red body 
get grey valve and insert into pins on yellow top 
housing 
 
Get both halves of hinge  
Align holes and hold together  
Get pin and insert 
 
Participant 2 
Solid Model 
Assembly work instructions authored by 
Participant 2 
 
Get casing from inventory box 
Orient the case vertically such that the larger internal 
cylinder is on top 
Get screw from the storage stand 
Screw the screw into the casing 
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Get case from inventory box 
Orient the case such that the inner cylinder fitting the 
head of the screw is on top 
Get screw from storage box 
Screw into the case in downward direction 
 
Get case from inventory box 
Orient the case such that the inner cylinder fitting the 
head of the screw is on top 
Get screw from storage box 
Screw into the case in downward direction 
 
Place the base such a way that the cylinder faces 
upwards 
Get the Second part from the assembly line 
Orient the second part such that the cylindrical part 
(handle) at the end of the part is on top 
Slide the hollow cylindrical part over the cylinder of 
the base 
 
Get the Nut from the tool box 
Get the Bolt from the tool box 
Twist the bolt into the nut 
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Get both from tool box 
Get nut from tool box 
Orient the two such that the cylinder of the bolt and 
the nut are concentric 
Twist bolt into nut 
 
Get both from tool box 
Get nut from tool box 
Orient the two such that the cylinder of the bolt and 
the nut are concentric 
slide bolt into nut 
 
Get both from tool box 
Get nut from tool box 
Orient the two such that the cylinder of the bolt and 
the nut are concentric 
Twist bolt into nut 
 
Get pin from tool box 
Get clamp from tool box 
Orient the two such that the cylinder of the pin and the 
two hollow cylinders of the clamp are concentric 
Slide pin into the hollow cylinders 
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Get shaft 
Orient shaft vertically such that the part with the 
smaller diameter is on top 
Get yellow conical part 
Orient the part such the taper is downward and the 
shaft and the conical part are concentric 
Slide the conical part over the shaft 
 
Get bolt 
Get nut 
Orient the bolt and nut such that the cylinders are 
concentric 
Twist the bolt into the nut 
Get Alum key 
Slide the end of the longer portion of the alum key on 
top of the bolt 
 
Get the Yellow and green hinges 
Orient them such that inward bend of the part face 
upwards 
Align the cylinders of the two hinges such that the 
two green cylinders are between the yellow cylinders 
Get rod 
Slide the rod through these cylinders 
 
Get the Maroon and green hinges 
Orient them such that the face of the plates are flat on 
the floor 
Align the cylinders of the two hinges such that the 
two maroon cylinders are between the green cylinders 
Get rod 
Slide the rod through these cylinders 
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Get the Maroon and green hinges 
Orient them such that the face of the plates are flat on 
the floor 
Align the cylinders of the two hinges such that the 
two maroon cylinders are between the green cylinders 
Get rod 
Slide the rod through these cylinders 
 
Get the Maroon and blue hinges 
Orient them such that the face of the plates are flat on 
the floor 
Align the cylinders of the two hinges such that the 
two blue cylinders are between the maroon cylinders 
Get rod 
Slide the rod through these cylinders 
 
Get green base plate 
Place it such that the wider portion is facing upward 
Get the maroon pointer 
Align the hollow cylinder of the pointer with the two 
hollow cylinders at the end of the base plate 
Get rod 
Slide the rod through these hollow cylinders 
 
Get green base plate 
Place it such that the wider portion is facing upward 
Get rod 
Slide the rod through these hollow cylinders at the end 
of the base plate 
Get the bolt 
Pass the bolt through the Big hollow cylinder in the 
middle of the base plate 
 
Get green blue and green part 
Orient them such that the three hollow cylinders of the 
two parts are concentric 
Get rod 
Slide the rod through these hollow cylinders 
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Get the green base plate 
Orient it such a way that only the side with two holes 
is vertical 
Get rod 
slide rod through bottom hole 
get pin 
slide pin through top hole 
 
Get the green base plate 
Orient it such a way that only the side with two holes 
is vertical 
Get rod 
slide rod through bottom hole 
get rod 
slide pin through top hole 
 
Get piston head 
get connecting rod 
Align the hollow cylinder of the connecting rod which 
is the same size as the holes in the piston head sch that 
they are concentric 
get the pin 
slide pin through the hollow cylinder 
 
Get blue and maroon plates 
align the cylinders of the 2 plates such that they are 
concentric and the maroon cylinder is between the 
two blue cylinders 
get rod 
slide rod through cylinders 
 
Get yellow and maroon parts 
align the cylinders of the 2 parts such that they are 
concentric and the maroon cylinder is between the 
two yellow cylinders 
get rod 
slide rod through cylinders 
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Get the maroon base part 
Orient such that the side with the step is facing up 
Get the yellow cylinder 
place it over the step cylinder 
get the blue part  
place it inside the yellow part such that the side of the 
blue part which is written on is visible 
 
Get the green base plate 
Orient it such a way that the side with the rotating 
component is vertical 
Get the grey part 
Orient it such a way that the hole of the larger circle 
of the grey part is concentric with the central hole of 
the base plate 
get the red pin 
pass the red pin through the previous 2 holes 
 
Get the part with the base and place it vertically 
get the second part and place it on the first where the 
two flat surfaces fit perfectly 
get the screw and bolt 
pass the screw through the holes 
tighten screw with the nut 
 
Get nut and bolt 
pass bolt through the nut 
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Get the maroon and green base part 
Orient such that the cylinders are concentric and the 
two maroon cylinders are in between the 3 green 
cylinders 
Get the yellow pin 
slide the pin through the cylinders 
 
Get the green base plate and place it flat 
get the maroon part  
orient it such a way that the larger cylinder is below 
the smaller one 
place it on the green plate such that the align perfectly 
get the yellow part 
place it on the maroon part such that the align 
perfectly 
 
get the green plate 
 grey plate and the two rings 
align them such a way that the cylinders are 
concentric and the grey cylinder is in the middle and 
the two rings on either side and finally the green 
cylinders 
get the rod 
slide rod through cylinders 
 
 
Participant 3 
Solid Model 
Assembly work instructions authored by 
Participant 3 
 
1. Acquire Part XXX shown above in center picture 
and one (1) M4x20 SHCS shown in picture to the 
right. 
2. Orient Part XXX with notch away from you. 
3. Insert M4x20 SHCS into Part XXX as shown above 
in picture to the left.  
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1. Acquire Part XXX  and one (1) M4x40 SHCS. 
SHCS should have 20 mm of threads removed from 
below the head of the screw as shown in picture to the 
right. 
2. Orient Part XXX with notch away from you. 
3. Insert M4x40 SHCS into Part XXX as shown above 
in picture to the left. 
 
1. Acquire Part XXX and one (1) M5x35 SHCS. 
2. Orient Part XXX with notch away from you. 
3. Insert M5x35 SHCS into Part XXX as shown in 
picture to the left. 
 
1. Acquire one (1) part 1 shown in middle picture and  
one (1) part 2 shown in left picture. 
2. Orient part 1 with 7.62mm post facing upwards. 
3. Install part 2 onto post of part one. Part 2 should be 
inserted on post with wheel facing upwards as shown 
in left picture. 
 
1. Acquire one M12 machine screw as shown in 
center picture and one M12 nut. 
2. Insert nut onto machine screw by turning nut 
clockwise as shown in picture to the left. 
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1. Acquire one M20x55 machine screw and one M20 
nut. 
2. Insert nut onto machine screw by turing nut 
clockwise. 
 
1. Acquire one M12x50 SHCS and one M12 nut. 
2. Insert M12 nut onto SHCS by turning nut 
clockwise. 
 
1. Acquire one M20x100 machine screw and one M20 
nut. 
2. Insert nut onto machine screw by turing nut 
clockwise. 
 
1. Acquire one U connector (Part 1) and one pin (Part 
2). 
2. Insert pin into U connector as shown in middle 
picture. 
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1. Acquire shaft (Part 1) and two end caps (Part 2 and 
Part 3). 
2. Press green cap (Part 2) onto 21.48 mm end of 
shaft. 
3. Press yellow cap (Part 3) onto 17.61 mm end of 
shaft. 
 
1. Acquire one M6x? SHCS M6 nut and 6mm hex 
key. 
2. Insert 6mm hex key into head of M6 SHCS. 
3. Holding nut steady,  insert SHCS into nut by 
turning hex key clockwise. 
 
1. Acquire two hinge pieces (Part 1 and Part 2)  and 
one hinge pin. 
2. Place two hinge pieces together, inserting Part 1 
cylinders in between Part 2 cylinders as shown in left 
picture. 
3. With two hinge pieces held steady,  insert hinge pin 
through center cylinders of hinge pieces. 
 
1. Acquire two hinge pieces (Part 1 and 2) and one 
hinge pin (Part 3). 
2. Insert cylinders of Part 2 between cylinders of Part 
1 as shown in left picture. 
3. Holding hinge piences steady  insert hinge pin until 
head is flush with part 1  as shown in left picture. 
222 
 
Solid Model 
Assembly work instructions authored by 
Participant 3 
 
1. Acquire two hinge pieces (Part 1 and 2) and one 
hinge pin (Part 3). 
2. Insert cylinders of Part 2 between cylinders of Part 
1 as shown in left picture. 
3. Holding hinge piences steady  insert hinge pin until 
head is flush with part 1  as shown in left picture. 
 
1. Acquire two hinge pieces (Part 1 and 2) and one 
hinge pin (Part 3). 
2. Insert cylinders of Part 2 between cylinders of Part 
1 as shown in left picture. 
3. Holding hinge piences steady,  insert hinge pin 
until head is flush with part 1  as shown in left picture. 
(Note: All of these hinge instructions are the same  
but would have unique part numbers for each hinge 
piece and pin. Operator would acquire correct parts 
based on unique part ID) 
 
1. Acquire center block (Part 1),  hook (Part 2)  and 
pin (Part 3). 
2. Insert hook into center block,  with hole lining up 
with holes in end of center block. Hook should be 
facing towards center block as shown in middle left 
picture. 
3. Insert pin through holes in center block and hook. 
Head of the pin should be oriented so hook is on the 
right side of pin in looking directly at the head of the 
pin.  
 
1. Acquire one center block (Part 1) and M24x? 
machine screw and one pin (Part 2). 
2. Insert machine screw into center hole of center 
block. 
3. Insert pin into end holes of center block. Pin should 
be oriented with head to left side in top holes of the 
center block if the machine screw head is away from 
you. 
 
1. Acquire U (part 1) eye (Part 2) and pin (part 3). 
2. Insert eye into u,  lining up holes. 
3. Insert pin through holes of u and eye until head is 
flush against u.  and square peg in upper hole.  Head 
of peg should be outside of L-bracket. 
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1. Acquire square peg (part 1) L-bracket (part 2) and 
post (part 3). 
2. Orient L-bracket so that side with one hole is sitting 
horizontally downward.  
3. Insert post into lower hole on vertical side of L-
bracket 
 
1. Acquire one L-bracket (Part 1) and two posts (part 
2). 
2. Orient L-bracket with side with one hole 
horizontally downward. 
3. Insert two posts into two holes on vertical side of L 
bracket. 
 
1. Acquire one piston head (part 1) one pin (part 2) 
and one piston arm (part 3). 
2. Line smaller hole of piston arm up with hole 
through piston head. 
3. Insert pin through holes of piston arm and piston 
head. 
 
1. Acquire two hinge pieces (Part 1 and 2) and one 
hinge pin (Part 3). 
2. Insert cylinders of Part 1 between cylinders of Part 
2 as shown in left picture. 
3. Holding hinge pieces steady  insert hinge pin until 
head is flush with part 2  as shown in left picture. 
 
1. Acquire U (part 1) eye (part 2) pin (part 3) and 
cotter pin (part 4). 
2. Line up holes through U and eye. 
3. Insert pin through U and eye until head is flush 
with U. 
4. Insert cotter pin through holes at the end of pin. 
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1. Acquire TOG-L-LOC (part 1) BTM ring (part 2) 
shaft (part 3) and quarter ring (part 4). 
2. Insert shaft tiered end into BTM ring  with BTM 
readable while non tiered end of shaft is downward. 
3. Insert TOG-L-LOC into BTM ring with part 
number facing upwards. 
4. Insert quarter ring into TOG-L-LOC. 
 
1. Acquire base (part 1) pin (part 2) cam (part 3) and 
SHCS (part 4). 
2. Line up center hole of cam with center hole of base. 
3. Attach cam to base with SHCS. 
4. Rotate cam so that top hole is inside one slot of 
base wheel. 
5. Insert pin through slot and into top hole of cam. 
 
1. Acquire base (part 1) arm (part 2)  M12x65 
machine screw (part 3) and M12 nut. 
2. Line up hole through base and arm  creating a 
circular hole through assembly. 
3. Insert machine screw through holes of base and arm  
with head on base side. 
4. Place nut on machine screw and turn clockwise 
until flush against arm. 
 
1. Acquire one (1) M12x50 SHCS and one M12 nut. 
2. Put nut on SHCS by turning nut clockwise until nut 
is flush against head of SHCS. 
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1. Acquire two hinge pieces (Part 1 and 2) and one 
hinge pin (Part 3). 
2. Insert cylinders of Part 2 between cylinders of Part 
1 as shown in left picture. 
3. Holding hinge piences steady  insert hinge pin until 
head is flush with part 1  as shown in left picture. 
 
1. Acquire part 1, 2, 3 and 4  shown from left to right. 
2. Place part 1 on top part 2 with two holes facing 
upwards. 
3. Place part 3 on top of part 1 with plug arms facing 
hole in front of part 1. 
4. Attach part 4 to part 3 with slots and plug arms. 
Head of part 4 should be facing upwards. 
 
1. Acquire two hinge pieces (Part 1 and 2) one hinge 
pin (Part 3) and two spacers (part 4). 
2. Insert cylinder of Part 1 between cylinders of Part 2 
as shown in left picture. 
3. Place spacers between cylinder of part 1 and 
cylinders of part 2. 
4. Holding hinge pieces steady  insert hinge pin until 
head is flush with part 2  as shown in left picture. 
 
Participant 4 
Solid Model 
Assembly work instructions authored by 
Participant 4 
 
1. Pick the collar 
2. Place the collar 
3. Pick the screw 
4. Align the screw with the collar 
5. Tighten the screw till the target torque is achieved 
6. Check the torque 
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1. Pick the collar 
2. Place the collar 
3. Pick the screw 
4. Align the screw with the collar 
5. Tighten the screw till the target torque is achieved 
6. Check the torque 
 
1. Pick the collar 
2. Place the collar 
3. Pick the screw 
4. Align the screw with the collar 
5. Tighten the screw till the target torque is achieved 
6. Check the torque 
 
1. Pick the housing block using appropriate means 
2. Place the housing block 
3. Pick the arm 
4. Align the arm with the pin on the housing block 
5. Insert the arm into the housing block dovel 
6. Check for correctness of the assembly 
 
1. Pick the bolt 
2. Place the bolt in the appropriate location 
3. Pick the nut 
4. Align the nut with the bolt 
5. Tighten the nut/bolt till the target torque is achieved 
6. Check the torque 
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1. Pick the collar 
2. Place the collar 
3. Pick the screw 
4. Align the screw with the collar 
5. Tighten the screw till the target torque is achieved 
6. Check the torque 
 
1. Pick the collar 
2. Place the collar 
3. Pick the screw 
4. Align the screw with the collar 
5. Tighten the screw till the target torque is achieved 
6. Check the torque 
 
1. Pick the housing block using appropriate means 
2. Place the housing block 
3. Pick the arm 
4. Align the arm with the pin on the housing block 
5. Insert the arm into the housing block dovel 
6. Check for correctness of the assembly 
 
1. Pick the Horseshoe part 
2. Place the Horseshoe in the appropriate location 
3. Pick the pin 
4. Align the pin with the Horseshoe 
5. Insert the pin into the horseshoe 
6. Check for correctness of the assembly 
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1. Pick the shaft 
2. Place the shaft 
3. Pick the bearing 
4. Align the bearing with the shaft 
5. Insert the bearing onto the shaft 
6. Pick the flange 
6. Align the flange with the shaft 
7. Insert the shaft onto the shaft 
8. Check for the correctness of the assembly 
 
1. Pick the hexagonal shaft 
2. Place the hexagonal shaft in the appropriate 
location 
3. Pick the alan-bolt  
4. Align the alan-bolt to the hexagonal shaft''s longer 
arm end 
5. Insert the alan-bolt 
onto the hexagonal shaft 
6. Pick the nut 
7. Align the nut with the alan-bolt 
8. Insert and tighten the nut onto the alan-bolt till the 
target the torque is achieved 
7. Check the torque 
 
1. Pick the green flange 
2. Place the green flange in the appropriate location 
3. Pick the yellow flange 
4. Align the yellow flange with the green flange 
5. Pick the pin 
6. Align the pin with the holes of the flanges 
7. Insert the pin into the flanges 
7. Check the correctness of the assembly 
 
1. Pick the Horseshoe part 
2. Place the Horseshoe in the appropriate location 
3. Pick the pin 
4. Align the pin with the Horseshoe 
5. Insert the pin into the horseshoe 
6. Check for correctness of the assembly 
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1. Pick the shaft 
2. Place the shaft 
3. Pick the bearing 
4. Align the bearing with the shaft 
5. Insert the bearing onto the shaft 
6. Pick the flange 
6. Align the flange with the shaft 
7. Insert the shaft onto the shaft 
8. Check for the correctness of the assembly 
 
1. Pick the hexagonal shaft 
2. Place the hexagonal shaft in the appropriate 
location 
3. Pick the alan-bolt  
4. Align the alan-bolt to the hexagonal shaft''s longer 
arm end 
5. Insert the alan-bolt 
onto the hexagonal shaft 
6. Pick the nut 
7. Align the nut with the alan-bolt 
8. Insert and tighten the nut onto the alan-bolt till the 
target the torque is achieved 
7. Check the torque 
 
1. Pick the green bracket 
2. Place the green bracket in the appropriate location 
3. Pick the pink arm 
4. Place the pink arm between the two flanges at one 
of the ends of the green bracket 
4. Align the hole on the pink arm with the holes on 
the flanges 
5. Pick the pin 
6. Align the pin with the aligned holes of the bracket 
and the arm 
7. Insert the pin  
8. Check for the correctness of the assembly 
 
1. Pick the green bracket shaft 
2. Place the green bracket in the appropriate location 
3. Pick the hex-head bolt 
4. Align the hex-head bolt to the hole in the center of 
the green bracket 
5. Insert the hex-head bolt into the green bracket 
6. Pick the pin 
7. Align the pin with the holes on the flanges on one 
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of the ends of the green bracket 
8. Insert the pin 
7. Check for the correctness of the assembly 
 
1. Pick the blue link 
2. Place the blue link in the appropriate location 
3. Pick the green link 
4. Place the green link in between the end flanges of 
the blue link 
5. Align the holes on both the links 
6. Pick the pin 
7. Align the pin with the aligned holes of the links 
8. Insert the pin 
7. Check for the correctness of the assembly 
 
1. Pick the green bracket 
2. Place the green bracket in the appropriate location 
and ensure the flange containing two holes is vertical 
3. Pick the square headed bolt 
4. Align square headed bolt to the top hole on the 
bracket''s flange 
5. Insert the bolt into the top hole 
6. Pick the pin 
7. Align the pin with the bottom hole of the bracket''s 
flange 
8. Insert the pin 
7. Check for the correctness of the assembly 
 
1. Pick the green bracket 
2. Place the green bracket in the appropriate location 
and ensure the flange containing two holes is vertical 
3. Pick the square headed bolt 
4. Align square headed bolt to the top hole on the 
bracket''s flange 
5. Insert the bolt into the top hole 
6. Pick the square headed bolt 
7. Align the square headed bolt with the bottom hole 
of the bracket''s flange 
8. Insert the square headed bolt 
7. Check for the correctness of the assembly 
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1. Pick the piston 
2. Place the piston in the appropriate location 
3. Pick the connecting rod 
4. Insert the connecting rod into the bottom portion of 
the piston with the smaller hole of the connecting rod 
going into the piston 
5. Align the smaller hole of the connecting rod with 
the hole on the piston  
6. Pick the pin 
7. Align the pin with the aligned holes of the piston 
and the connecting rod 
8. Insert the pin 
7. Check for the correctness of the assembly 
 
1. Pick the green flange 
2. Place the green flange in the appropriate location 
3. Pick the yellow flange 
4. Align the yellow flange with the green flange 
5. Pick the pin 
6. Align the pin with the holes of the flanges 
7. Insert the pin into the flanges 
7. Check the correctness of the assembly 
 
1. Pick the yellow link 
2. Place the yellow link in the appropriate location 
3. Pick the pink link 
4. Place the pink link in between the end flanges of 
the yellow link 
5. Align the holes on both the links 
6. Pick the green clevis pin 
7. Align the clevis pin with the aligned holes of the 
links 
8. Insert the pin 
9. Pick the split pin 
10. Align the split pin with the hole on the clevis pin 
11. Insert the split pin into the clevis pin 
12. Split the arms of the split pin to lock the clevis pin 
in place 
13. Check for the correctness of the assembly 
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1. Pick the pink/brown shaft 
2. Place the pink/brown shaft in the appropriate 
location 
3. Pick the yellow bracket 
4. Align yellow bracket with shaft on the smaller 
projection side 
5. Insert the yellow bracket onto the top hole 
6. Pick the blue ring 
7. Align the blue ring with the shaft on the same side 
as the yellow bracket 
8. Insert the blue ring on onto the shaft 
9. Pick the green ring 
10. Align the green ring with the shaft on the same 
side as the blue ring 
11. Insert the green ring onto the shaft 
12. Check for the correctness of the assembly 
 
1. Pick the green structure 
2. Place the green bracket in the appropriate location 
and ensure the side containing the geneva wheel is 
vertical 
3. Pick the teardrop bracket 
4. Align the hole in the center of the teardrop bracket 
with the hole in the center of the green structure  
5. Pick the alan-bolt 
6. Align and insert the alan bolt into the aligned holes 
of the teardrop bracket and the green structure 
7. Pick the yellow screw 
8. Align the yellow screw with the small hole on the 
teardrop bracket 
9. Tighten the screw till the target torque is achieved 
10. Insert the yellow screw of the teardrop bracket 
into one of the grooves of the geneva wheel 
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Solid Model 
Assembly work instructions authored by 
Participant 4 
 
1. Pick the purple structure 
2. Place the purple structure in the appropriate 
location on its circular base 
3. Pick the green bracket 
4. Align the hole on the green bracket with the hole on 
the purple structure 
5. Place the green bracket with its bottom flat portion 
mating with the flat portion on the purple structure 
6. Pick the bolt and insert it into the aligned holes of 
the purple structure and the green bracket. 
7. Pick the nut 
8. Insert and tighten the nut onto the bolt till the target 
torque is achieved 
9. Check for the torque and correctness of the 
assembly 
 
1. Pick the bolt 
2. Place the bolt in the appropriate location 
3. Pick the nut 
4. Align the nut with the bolt 
5. Tighten the nut/bolt till the target torque is achieved 
6. Check the torque 
 
1. Pick the green bracket shaft 
2. Place the green bracket in the appropriate location 
3. Pick the hex-head bolt 
4. Align the hex-head bolt to the hole in the center of 
the green bracket 
5. Insert the hex-head bolt into the green bracket 
6. Pick the pin 
7. Align the pin with the holes on the flanges on one 
of the ends of the green bracket 
8. Insert the pin 
7. Check for the correctness of the assembly 
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Solid Model 
Assembly work instructions authored by 
Participant 4 
 
1. Pick the green plate 
2. Place the green plate in the appropriate location 
laying flat on its largest surface 
3. Pick the pink block 
4. Place the pink block on top of the green plate with 
its smaller hole away from the green plate 
5. Pick the yellow block 
6. Place the yellow block on top of the pink block 
such that the circular indentation is visible on the top 
7. Pick the grey block 
8. Align the small hole on the grey block with the 
threaded hole of the yellow block such that the 
projection on the grey block is pointing upwards 
9. Pick the blue screw 
10. Insert and tighten the screw in the aligned holes of 
the grey and the yellow blocks till the target torque is 
achieved 
11. Check for the torque and correctness of the 
assembly  
 
1. Pick the green bracket 
2. Place the green bracket in the appropriate location 
3. Pick the grey bracket between the arms of the green 
bracket 
4. Align the holes of the grey bracket with those of the 
green bracket 
5. Place the red spacers on either side of the grey 
bracket. 
6. Align the spacers'' holes with the hole of green 
bracket on one side and the hole of the grey bracket 
on the other 
7. Pick the yellow pin 
8. Insert the pin into the aligned holes of the other 
three parts 
9. Check for the correctness of the assembly 
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Appendix G. Analysis of Similarity of Assembly Work Instructions for Identical 
Solid Models 
 
Solid 
Model 
ID 
Statistic Value 
1 Average 0.706667 
1 Standard 
Deviation 
0.087101 
1 Hypothesize
d Average 
0.6 
1 t-score 2.449251 
1 p-value 0.04587 
1 Conclusion Signficantly 
greater than 
hyp 
2 Average 0.725 
2 Standard 
Deviation 
0.088487 
2 Hypothesize
d Average 
0.6 
2 t-score 2.825265 
2 p-value 0.033224 
2 Conclusion Signficantly 
greater than 
hyp 
3 Average 0.703333 
3 Standard 
Deviation 
0.101127 
3 Hypothesize
d Average 
0.6 
3 t-score 2.043635 
3 p-value 0.066789 
3 Conclusion Signficantly 
greater than 
hyp 
4 Average 0.678333 
4 Standard 
Deviation 
0.129525 
Solid 
Model 
ID 
Statistic Value 
4 Hypothesize
d Average 
0.6 
4 t-score 1.20955 
4 p-value 0.156537 
4 Conclusion Not 
significantly 
greater than 
hyp. value 
5 Average 0.686667 
5 Standard 
Deviation 
0.11003 
5 Hypothesize
d Average 
0.6 
5 t-score 1.575324 
5 p-value 0.106631 
5 Conclusion Not 
significantly 
greater than 
hyp. value 
6 Average 0.663333 
6 Standard 
Deviation 
0.112368 
6 Hypothesize
d Average 
0.6 
6 t-score 1.127244 
6 p-value 0.170829 
6 Conclusion Not 
significantly 
greater than 
hyp. value 
7 Average 0.7 
7 Standard 
Deviation 
0.139857 
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Solid 
Model 
ID 
Statistic Value 
7 Hypothesize
d Average 
0.6 
7 t-score 1.430031 
7 p-value 0.124033 
7 Conclusion Not 
significantly 
greater than 
hyp. value 
8 Average 0.706667 
8 Standard 
Deviation 
0.098116 
8 Hypothesize
d Average 
0.6 
8 t-score 2.174306 
8 p-value 0.058989 
8 Conclusion Signficantly 
greater than 
hyp 
9 Average 0.62 
9 Standard 
Deviation 
0.162111 
9 Hypothesize
d Average 
0.6 
9 t-score 0.246744 
9 p-value 0.410513 
9 Conclusion Not 
significantly 
greater than 
hyp. value 
10 Average 0.688333 
10 Standard 
Deviation 
0.147434 
10 Hypothesize
d Average 
0.6 
10 t-score 1.19828 
10 p-value 0.15842 
Solid 
Model 
ID 
Statistic Value 
10 Conclusion Not 
significantly 
greater than 
hyp. value 
11 Average 0.775 
11 Standard 
Deviation 
0.095026 
11 Hypothesize
d Average 
0.6 
11 t-score 3.68319 
11 p-value 0.01734 
11 Conclusion Signficantly 
greater than 
hyp 
12 Average 0.73 
12 Standard 
Deviation 
0.097775 
12 Hypothesize
d Average 
0.6 
12 t-score 2.65916 
12 p-value 0.038197 
12 Conclusion Signficantly 
greater than 
hyp 
13 Average 0.683333 
13 Standard 
Deviation 
0.158577 
13 Hypothesize
d Average 
0.6 
13 t-score 1.051014 
13 p-value 0.185221 
13 Conclusion Not 
significantly 
greater than 
hyp. value 
14 Average 0.666667 
14 Standard 
Deviation 
0.154229 
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Solid 
Model 
ID 
Statistic Value 
14 Hypothesize
d Average 
0.6 
14 t-score 0.864514 
14 p-value 0.225448 
14 Conclusion Not 
significantly 
greater than 
hyp. value 
15 Average 0.715 
15 Standard 
Deviation 
0.117431 
15 Hypothesize
d Average 
0.6 
15 t-score 1.9586 
15 p-value 0.072525 
15 Conclusion Signficantly 
greater than 
hyp 
16 Average 0.711667 
16 Standard 
Deviation 
0.122052 
16 Hypothesize
d Average 
0.6 
16 t-score 1.829823 
16 p-value 0.082349 
16 Conclusion Signficantly 
greater than 
hyp 
17 Average 0.715 
17 Standard 
Deviation 
0.10616 
17 Hypothesize
d Average 
0.6 
17 t-score 2.166536 
17 p-value 0.059421 
17 Conclusion Signficantly 
greater than 
hyp 
18 Average 0.743333 
Solid 
Model 
ID 
Statistic Value 
18 Standard 
Deviation 
0.072019 
18 Hypothesize
d Average 
0.6 
18 t-score 3.980458 
18 p-value 0.014185 
18 Conclusion Signficantly 
greater than 
hyp 
19 Average 0.778333 
19 Standard 
Deviation 
0.10477 
19 Hypothesize
d Average 
0.6 
19 t-score 3.404296 
19 p-value 0.021164 
19 Conclusion Signficantly 
greater than 
hyp 
20 Average 0.803333 
20 Standard 
Deviation 
0.090259 
20 Hypothesize
d Average 
0.6 
20 t-score 4.505558 
20 p-value 0.010211 
20 Conclusion Signficantly 
greater than 
hyp 
21 Average 0.846667 
21 Standard 
Deviation 
0.068605 
21 Hypothesize
d Average 
0.6 
21 t-score 7.190908 
21 p-value 0.002771 
21 Conclusion Signficantly 
greater than 
hyp 
238 
 
Solid 
Model 
ID 
Statistic Value 
22 Average 0.723333 
22 Standard 
Deviation 
0.088242 
22 Hypothesize
d Average 
0.6 
22 t-score 2.79534 
22 p-value 0.034058 
22 Conclusion Signficantly 
greater than 
hyp 
23 Average 0.728333 
23 Standard 
Deviation 
0.117714 
23 Hypothesize
d Average 
0.6 
23 t-score 2.18042 
23 p-value 0.058651 
23 Conclusion Signficantly 
greater than 
hyp 
24 Average 0.735 
24 Standard 
Deviation 
0.092682 
24 Hypothesize
d Average 
0.6 
24 t-score 2.913179 
24 p-value 0.030918 
24 Conclusion Signficantly 
greater than 
hyp 
25 Average 0.783333 
25 Standard 
Deviation 
0.111833 
25 Hypothesize
d Average 
0.6 
25 t-score 3.278692 
25 p-value 0.023236 
Solid 
Model 
ID 
Statistic Value 
25 Conclusion Signficantly 
greater than 
hyp 
26 Average 0.751667 
26 Standard 
Deviation 
0.09786 
26 Hypothesize
d Average 
0.6 
26 t-score 3.099652 
26 p-value 0.026655 
26 Conclusion Signficantly 
greater than 
hyp 
27 Average 0.693333 
27 Standard 
Deviation 
0.135892 
27 Hypothesize
d Average 
0.6 
27 t-score 1.373639 
27 p-value 0.131601 
27 Conclusion Not 
significantly 
greater than 
hyp. value 
28 Average 0.778333 
28 Standard 
Deviation 
0.075476 
28 Hypothesize
d Average 
0.6 
28 t-score 4.725547 
28 p-value 0.008977 
28 Conclusion Signficantly 
greater than 
hyp 
29 Average 0.765 
29 Standard 
Deviation 
0.11606 
29 Hypothesize
d Average 
0.6 
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Solid 
Model 
ID 
Statistic Value 
29 t-score 2.843349 
29 p-value 0.032733 
29 Conclusion Signficantly 
greater than 
hyp 
30 Average 0.753333 
30 Standard 
Deviation 
0.079666 
Solid 
Model 
ID 
Statistic Value 
30 Hypothesize
d Average 
0.6 
30 t-score 3.849406 
30 p-value 0.015476 
30 Conclusion Signficantly 
greater than 
hyp 
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Appendix H.  Comparative analysis of the four text similarity methods 
The performance of the text similarity methods are compared by performing six 
statistical analyses. Each of these was a t-test: two-sample assuming unequal variances 
[87]. In these tests, the difference between average correlation coefficients of two text 
comparison methods is tested for significance. The null and alternative hypotheses for 
these tests are: 
Null hypothesis (Ho): The difference between the average correlation coefficients 
of the two text comparison methods being compared is zero.  
Alternative hypothesis (Ha): The difference between the average correlation 
coefficients of the two text comparison methods being compared is not zero. 
The results from the t-Tests that were conducted are shown in Error! Reference 
source not found. through Error! Reference source not found.. Since the alternative 
hypothesis checks if the difference is not equal to zero, a two tailed test is conducted [87]. 
 Summary of t Test comparison of LSA and Word Overlap methods 
 LSA Word 
overlap 
Mean 0.624 0.696 
Variance 0.010 0.009 
Observations 12 12 
Hypothesized Mean Difference 0 
df 22 
t Stat -1.788 
P(T<=t) two-tail 0.088 
t Critical two-tail 2.819 
-(t Critical) < (t Stat) < (t 
Critical) 
Yes  Fail to reject Ho 
 
Summary of t Test comparison of LSA and Jaccard methods 
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 LSA Jaccard 
Mean 0.624 0.757 
Variance 0.010 0.011 
Observations 12 12 
Hypothesized Mean Difference 0 
df 22 
t Stat -3.220 
P(T<=t) two-tail 0.004 
t Critical two-tail 2.819 
-(t Critical) < (t Stat) < (t 
Critical) 
No  Reject Ho 
 
Summary of t Test comparison of LSA and TF-IDF methods 
 LSA TF-IDF 
Mean 0.624 0.727 
Variance 0.010 0.011 
Observations 12 12 
Hypothesized Mean Difference 0 
df 22 
t Stat -2.489 
P(T<=t) two-tail 0.021 
t Critical two-tail 2.819 
-(t Critical) < (t Stat) < (t 
Critical) 
Yes  Fail to reject Ho 
 
Summary of t Test comparison of Word Overlap and Jaccard methods 
 Word 
overlap 
Jaccard 
Mean 0.696 0.757 
Variance 0.009 0.011 
Observations 12 12 
Hypothesized Mean Difference 0 
df 22 
t Stat -1.506 
P(T<=t) two-tail 0.146 
t Critical two-tail 2.819 
-(t Critical) < (t Stat) < (t Yes  Fail to reject Ho 
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Critical) 
 
Summary of t Test comparison of Word Overlap and TF-IDF methods 
 Word 
overlap 
TF-IDF 
Mean 0.696 0.727 
Variance 0.009 0.011 
Observations 12 12 
Hypothesized Mean Difference 0 
df 22 
t Stat -0.767 
P(T<=t) two-tail 0.451 
t Critical two-tail 2.819 
-(t Critical) < (t Stat) < (t 
Critical) 
Yes  Fail to reject Ho 
 
Summary of t Test comparison of Jaccard and TF-IDF methods 
 Jaccard TF-IDF 
Mean 0.757 0.727 
Variance 0.011 0.011 
Observations 12 12 
Hypothesized Mean Difference 0 
df 22 
t Stat 0.717 
P(T<=t) two-tail 0.481 
t Critical two-tail 2.819 
-(t Critical) < (t Stat) < (t 
Critical) 
Yes  Fail to reject Ho 
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Appendix I. Correlation between Solid Model Similarity and Assembly Work 
Instructions for Participants 2, 3 and 4 
Participant 2 
Solid Model ID 
Correlation between solid model similarity and 
assembly work instruction similarity 
SM1 0.6603 
SM2 0.6993 
SM3 0.7175 
SM4 0.9511 
SM5 0.7744 
SM6 0.6695 
SM7 0.4955 
SM8 0.5839 
SM9 0.5353 
SM10 0.7919 
SM11 0.4185 
SM12 0.4582 
SM13 0.5440 
SM14 0.7451 
SM15 0.5596 
SM16 0.6537 
SM17 0.6862 
SM18 0.6633 
SM19 0.6944 
SM20 0.7050 
SM21 0.6557 
SM22 0.7038 
SM23 0.8816 
SM24 0.7883 
SM25 0.9270 
SM26 0.9851 
 
Participant 3 
Solid Model ID 
Correlation between solid model similarity and 
assembly work instruction similarity 
SM1 0.4024 
SM2 0.7011 
SM3 0.6058 
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Participant 3 
Solid Model ID 
Correlation between solid model similarity and 
assembly work instruction similarity 
SM4 0.6351 
SM5 0.7169 
SM6 0.6640 
SM7 0.6137 
SM8 0.7655 
SM9 0.2706 
SM10 0.7006 
SM11 0.3851 
SM12 0.2456 
SM13 0.5225 
SM14 0.6301 
SM15 0.5694 
SM16 0.8036 
SM17 0.7276 
SM18 0.7777 
SM19 0.4705 
SM20 0.4667 
SM21 0.4931 
SM22 0.3496 
SM23 0.8457 
SM24 0.6261 
SM25 0.9981 
SM26 0.9143 
 
Participant 4 
Solid Model ID 
Correlation between solid model similarity and 
assembly work instruction similarity 
SM1 0.3910 
SM2 0.3021 
SM3 0.3882 
SM4 0.5768 
SM5 0.1735 
SM6 0.1942 
SM7 0.2762 
SM8 0.3606 
SM9 0.6402 
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Participant 4 
Solid Model ID 
Correlation between solid model similarity and 
assembly work instruction similarity 
SM10 0.2625 
SM11 0.0163 
SM12 0.3251 
SM13 0.6868 
SM14 0.2232 
SM15 0.2101 
SM16 0.5747 
SM17 0.5442 
SM18 0.5916 
SM19 0.6839 
SM20 0.6643 
SM21 0.4273 
SM22 0.3709 
SM23 0.9953 
SM24 0.8796 
SM25 0.9576 
SM26 0.9087 
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Appendix J. Example Retrieval of Assembly Work Instructions 
Example 1 
 
Query assembly solid model 
 
Database assembly solid models (unordered) 
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Rank-ordered database assembly solid models 
Retrieved assembly work instructions for most similar database solid models 
(a) 
Database Model 1 
Get bolt 
 
Get nut 
Orient the bolt and nut such that the cylinders are 
concentric 
Twist the bolt into the nut 
Get Alum key 
Slide the end of the longer portion of the alum key 
on top of the bolt 
(b) 
Database Model 2 
Get the Yellow and green hinges 
 
Orient them such that inward bend of the part face 
upwards 
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Align the cylinders of the two hinges such that the 
two green cylinders are between the yellow 
cylinders 
Get rod 
Slide the rod through these cylinders 
 
(c) 
Database Model 3 
Get the Maroon and green hinges 
 
Orient them such that the face of the plates are 
flat on the floor 
Align the cylinders of the two hinges such that 
the two maroon cylinders are between the green 
cylinders 
Get rod 
Slide the rod through these cylinders 
 
(d) 
Database Model 4 
Get the Maroon and green hinges 
 
Orient them such that the face of the plates are 
flat on the floor 
Align the cylinders of the two hinges such that 
the two maroon cylinders are between the green 
cylinders 
Get rod 
Slide the rod through these cylinders 
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Example 2 
 
Query assembly solid model 
 
 
Database assembly solid models (unordered) 
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Rank-ordered database assembly solid models 
Retrieved assembly work instructions for most similar database solid models 
(a) 
Database Model 1 
Get casing from inventory box 
 
Orient the case vertically such that the larger 
internal cylinder is on top 
Get screw from the storage stand 
Screw the screw into the casing 
(b) 
Database Model 2 
Get case from inventory box 
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Orient the case such that the inner cylinder fitting 
the head of the screw is on top 
Get screw from storage box 
Screw into the case in downward direction 
 
(c) 
Database Model 3 
Get case from inventory box 
 
Orient the case such that the inner cylinder fitting 
the head of the screw is on top 
Get screw from storage box 
Screw into the case in downward direction 
 
(d) 
Database Model 4 
Get pin from tool box 
 
Get clamp from tool box 
Orient the two such that the cylinder of the pin 
and the two hollow cylinders of the clamp are 
concentric 
Slide pin into the hollow cylinders 
Get pin from tool box 
 
